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PREFACE

This draft of Part B, “Health Risk Assessment for Diesel Exhaust,” was prepared by OEHHA for
review by the public and the Scientific Review Panel of the Air Resources Board. This draft
builds upon previous drafts (June 1994, March 1997, February 1998), which were the subjects of
extensive review and comment. The new draft has been revised in response to the comments
received from the public and the Scientific Review Panel. This draft has also been updated
through March 1998 to remain current with the information available. This document has
undergone extensive internal and external review by scientists. The summary of the OEHHA
assessment and its conclusionsis found in Chapter 1. Chapter 2 provides a description of the
contents of this draft and indicates where the substantial new analyses have been incorporated.
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1.0 SUMMARY

Diesal exhaust consists of a complex mixture of substances formed in the combustion processes of
adiesa engine. The mixture includes compounds in a vapor phase and very fine particles with a
carbon core coated by condensed organic compounds. This report characterizes the potential for
diesal exhaust to affect human health, and the associated scientific uncertainties. It considers both
carcinogenic and noncarcinogenic effects. The main conclusions concern the potential of diesel
exhaust to cause lung cancer in humans and the likely magnitude of the cancer risk.

1.1 NON-CANCER HEALTH EFFECTS

This document, aside from Appendix B, focuses on the health effects specifically associated with
diesal exhaust. An extensive series of studies has provided epidemiological evidence of the
adverse hedlth effects of airborne particles in genera on human health. Such particles include the
particulate matter in diesel exhaust. The general particle effects observed include both increased
morbidity and mortality, and the non-cancer effects are both acute and chronic. Appendix B
includes a brief overview of the literature on the health effects of ambient particulate matter. As
with any other kind of particle, the comprehensive information available on the serious health
effects attributable to particulates in general need to be considered by risk managers addressing
diesal exhaust. The final United States Environmental Protection Agency (U.S.EPA) staff paper
for PM-10 provides estimates of the mortality risk from particulate matter in Southern California
(USEPA, 1996).

111 RESPIRATORY HEALTH EFFECTS

Epidemiologica studies reviewed in this chapter provide evidence which suggests that diesel
exposed workers had increased frequency of bronchitic symptoms, cough and phlegm, wheezing,
and decrement in lung function. However, confounding factors present during exposure often
obscured the exposure-effect relationships in these studies.

The inhalation or direct application of diesel into the respiratory tract of animalsin acute and
subchronic studies induced inflammatory airway changes, lung function changes, and increased
susceptibility of exposed animalsto lung infection. The morphological effects observed in the
lungs of animals in chronic inhalation exposures are mainly related to chronic inflammatory
responses. These changes include thickening of the alveolar epithelium, increase in lung weight,
infiltration of macrophages, fibroblasts and proteins into the alveolar septa, and glandular
metaplasia

1.1.2 REPRODUCTIVE AND DEVELOPMENTAL EFFECTS
Studies on induced heritable point mutations and sperm abnormalities following diesal exhaust
exposure were negative in rats, mice, and monkeys, though sperm anomalies were noted in

exposed hamsters. An observed decrease in the number of corporaluteafollowing diesel exhaust
exposure in one study suggests potentia impact on female reproduction in mice. Teratogenic
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effects were not observed in rabbits. Some evidence of neurobehaviora effectsin rat pupsis
reported. Data of the effects of diesel exhaust exposure on female reproductive capacity are
limited but potential effects on corpora lutea and mating period have been suggested in |aboratory
rodents.

No teratogenic effects of diesel exhaust exposure were shown in rabbits. Delayed ossification of
the thoracic region has been noted in rats following exposure to very high exposure levels.
Exposure to diesdl exhaust during the neonatal developmental period of rodents induces
neurobehavioral and neurophysiological effects, but does not affect general lung devel opment.
Other organ systems have not been evaluated.

Generational studies conducted in rodents revealed that inhalation exposure to diesel exhaust
causes increases in lung weight in all generations examined. Evaluation of other parameters
produced inconclusive results.

The available literature does not provide sufficient information to determine whether or not diesel
exhaust exposure induces reproductive, developmental or teratogenic effects in humans.

1.1.3 IMMUNOLOGICAL EFFECTS

There are a number of review articles which postulate that air pollution, particularly diesel exhaust
particles, plays arolein the increasing prevalence of asthma and other alergic respiratory disease
(Albright and Goldstein, 1996; Peterson and Saxon, 1996; Devaliaet al., 1997). The discovery of
the role of diesel particulates and their PAH fraction in augmentation of allergic responsesto
specific antigens in humans and animalsis relatively new, and many of the studies discussed in
Chapter 4 are comparatively recent (Peterson and Saxon, 1996; Diaz-Sanchez, 1997).

Diesdl exhaust exposure can result in measurable increases in IgE and 1gG antibody production,
perturbed immunological cytokine regulation, localized inflammation and eosinophilic infiltration
in lung and respiratory tract tissues, particularly when the exposure accompanies other known
respiratory alergens. In human subjects and in human cells, diesel exhaust particulate (DEP)
stimulated IgE antibody production and increased mRNA for the pro-inflammatory cytokines.
Co-exposure to DEP and ragweed pollen was reported to significantly enhance the IgE antibody
response relative to ragweed pollen alone. DEP aso enhanced the IgE antibody and cytokine
production response to ovalbumin and Japanese cedar pollen in anima models and increased nasal
hyperresponsiveness to histamines. There is some evidence that production of reactive oxygen
species may be involved in the asthma-like symptoms produced in mice by DEP exposure.

Although none of the evaluated studies have been designed to yield quantitative estimates of
diesdl particle concentrations for the purposes of determining a reference exposure level, the
potential relevance of these immunologica endpoints to public heath is very high, due to reports
of large numbers of individuals with respiratory allergies and asthma in urban areas (Burney et

1-2
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al., 1990; Corbo et al., 1993; Emanuel, 1988; Strachan and Anderson, 1992; Frew and Salvi,
1997).

1.14 QUANTITATIVE NON-CANCER ASSESSMENT

The available data from studies of humans exposed to diesel exhaust are not sufficient for deriving
anon-cancer health risk guidance value. While the lung is the mgjor target organ for diesel
exhaudt, studies of the gross respiratory effects of diesel exhaust in exposed workers have not
provided sufficient exposure information to establish a non-cancer health risk guidance value for
respiratory effects. Most of the epidemiologic studies did not find an excess of chronic
respiratory disease associated with diesdl exhaust. However, these studies all had limitations,
such as small numbers of subjects, limited exposure information, and insensitive measures, which
clearly reduced their ability to detect adverse effects. Although recent preliminary studies of
human alergic responses indicate that diesel exhaust particles have specific immunological
properties that may exacerbate existing respiratory allergies, OEHHA agrees with the U.S.EPA
on the use of animal toxicology data to develop non-cancer health risk guidance values.

In June, 1993, the U.S.EPA determined an inhalation Reference Concentration (RfC) of 5 pg/m?®
for non-cancer effects of diesal exhaust (Appendix A). (The U.S.EPA RfC is currently under
review by the U.S.EPA.) The RfC of achemical is an estimate, with an uncertainty spanning
perhaps an order of magnitude, of adaily exposure to the human population, including sensitive
subgroups, that is likely to be without appreciable risk of deleterious effects during a lifetime of
exposure. The RfC was derived by applying uncertainty factors to a no observed adverse effect
level (NOAEL).

The NOAEL and the lowest observed adverse effect level (LOAEL) were obtained from the
chronic study of Ishinishi et al (1988). These levels are based on histopathological changes
observed in the lungs of Fischer rats. Adverse effects were observed in rats exposed to 960
Hg/m?; no adverse effects were observed at 460 pg/m®. The human equivalent concentrations
(HEC) of 155 pg/m? for the NOAEL and 300 pg/m? for the LOAEL resulted from a theoretical
model of lung burden per unit alveolar surface area and included an adjustment for hours of
exposure. The histopathological changes include an accumulation of particle-laden macrophages
associated with bronchiolization of alveolar ductsin which bronchiolar epithelium replaced
alveolar epithelium. The investigators also observed proliferation of bronchiolar epithelium and of
Typell dveolar cells.

The U.S.EPA derived the RfC by dividing the NOAEL (HEC) by an uncertainty factor of 30. The
uncertainty factor of 30 reflects a factor of 10 to protect sensitive individuals and a factor of 3to
allow for interspecies extrapolation. The U.S.EPA did not use the customary value of 10 for
interspecies extrapolation because dosimetric adjustments based on a particle deposition and
retention model were applied.

The studies used to support the RfC represent three research programs that performed well-

conducted chronic studies with adequate numbers of animals. The identified LOAELs and
NOAELSs are consistent across studies. The RfC data base contains 10 chronic studies as well as
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developmental and reproductive studies. High confidence in the RfC follows from these
considerations.

The World Health Organization (WHO) and OEHHA have conducted further analyses of the
dose-response relationships for several of the non-cancer, adverse effects of chronic exposures to
diesel exhaust on rat lung. These analyses gave a range of health risk guidance values of 2 to 21
pg/m? and support the adoption of 5 pg/m? which is aso the 1993 U.S.EPA RfC.

An inhalation Reference Exposure Level for acute effects has not been cal cul ated.

In conclusion, there is evidence to suggest that human exposure to diesel exhaust causes chronic
respiratory symptoms and contributes to the recent increase in allergic respiratory diseases.
Results from animal studies provide support for this conclusion. The human health effects data
currently available do not themselves allow for a quantitative derivation of a chronic inhalation
REL. The OEHHA concurs with the U.S. EPA that the chronic rat study by Ishinishi et al.
(1988) is the most appropriate study for this purpose and recommends 5 ny/m? as the chronic
REL for diesel exhaust.

1.2 GENOTOXICITY

Studies of diesel exhaust-induced genotoxicity aid in the assessment of the cancer risk posed by
exposure to diesdl exhaust by suggesting mechanisms of carcinogenicity and other genetically
influenced processes caused by DNA-reactive agents, and by suggesting the general form for the
quantitative cancer models. Altered oncogene or lost tumor-suppressor-gene function may bein
part responsible for the carcinogenicity of DNA-reactive agents (Tong et al., 1989; Marshall et
al., 1991; Solomon et al., 1991; Weinberg et al., 1991).

Much of the information regarding genotoxicity has been obtained using diesel exhaust particles
or extracts of diesal exhaust particles. Diesel exhaust particles or their extracts are mutagenic in
bacteria (Salmonella typhimurium and E. coli) and in severa mammalian cell systems (CHO,
V79, BALB/c3T3, L5718Y mouse lymphoma, human lymphoblasts). Diesel exhaust particles or
their extracts induce chromosome aberrations, aneuploidy, and sister chromatid exchange in
rodent and human cellsin culture. Diesel exhaust particles and their extracts are al'so capable of
inducing cell transformation. Diesel exhaust particles or their extracts can aso produce
superoxide and peroxide radicals and inhibit the antioxidant enzymes responsible for radica
scavenging. Diesel exhaust particles have aso been shown to cause an increase in 8-
hydroxydeoxyguanosine (8-OHdG) adductsin calf thymus DNA in vitro and in lung DNA from
mice exposed in vivo by intratracheal instillation. Both diesal exhaust particle extracts and the
semivolatile phase of diesal exhaust have dioxin receptor (Ah receptor) binding affinity. Exposure
to diesal exhaust particulate matter can cause unscheduled DNA synthesisin vitro in mammalian
cells. DNA adducts have been isolated from calf thymus DNA in vitro and mouse lung DNA
following intratracheal ingtillation.
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Some information regarding genotoxicity aso has been obtained directly from diesel exhaust
exposures. Whole diesel exhaust has been demonstrated to induce gene mutations in two strains
of Salmonella. Inhalation exposure to diesel exhaust resultsin DNA adduct formation in rodents
and monkeys. Increased levels of human peripheral blood cell DNA adducts are associated with
occupational exposure to diesel exhaust. The genotoxic effects of diesdl exhaust may be involved
in the initiation of pulmonary carcinogenesisin humans.

Diesal exhaust clearly contains genotoxic substances. Furthermore, diesel exhaust particles and
diesal exhaust extracts have been established to be genotoxic. The bioavailablity of these
genotoxins has been questioned. Several lines of evidence suggest bioavailability. First, thein
vitro genotoxic activity of diesel exhaust particulates dispersed in pulmonary surfactant exhibited
similar activity to particulates extracted with dichloromethane. Second, inhalation exposure of
rats and monkeys to diesel exhaust resultsin DNA adduct formation and in vitro exposure of rat
tissues to diesdl exhaust induces unscheduled DNA synthesis. Third, DNA adducts have been
associated with occupational exposure to diesel exhaust. Fourth, urinary metabolites of PAHs
have been found following exposure of rats to diesel exhaust. Preliminary evidence indicates the
same may be true for humans. Consequently, it appears that organic chemicals adsorbed onto the
particles, particularly the genotoxic components, are likely to be bioavailable in humans,

1.3 CARCINOGENICITY
1.3.1 ANIMAL TESTS

Three animal species -- rats, mice and Syrian hamsters -- have been adequately studied for the
carcinogenic effects of inhalation of diesel exhaust. A study by Lewis et al. (1986; 1989) in
cynomolgus monkeys was negative. The duration of exposurein Lewis et al. (1986) was
considerably less than lifetime, rendering it unsuitable for a determination of carcinogenicity.

Results of inhalation bioassays in the rat have demonstrated the carcinogenicity of diesel exhaust
in test animals. Until the early-1980’s, inhalation studies in rodents examining the potential
carcinogenic effect of diesel exhaust emissions failed to demonstrate any statistically significant
increase in the incidence of pulmonary tumorsin exposed animals. More recent studies utilizing
higher exposure levels and/or longer observation periods (>24 months) have consistently
demonstrated significant increases in pulmonary tumorsin rats. All seven studiesin rats using
exposure concentrations of greater than or equal to 2.2 mg/m® of whole diesal exhaust (time-
weighted average equivalent to approximately 1 mg/m®), and using observation periods of
approximately 2 years or longer, reported statistically significant excesses of lung tumors (Iwai et
al. 1986, Heinrich et al. 1986b, Mauderly et al. 1987a, Brightwell et al. 1986; Ishinishi et al.
1986a; Heinrich et al., 1995; Nikula et al., 1995). Nonsignificant increases in lung tumor
incidence in rats have been observed at diesel exhaust particulate concentrations between 0.35 and
2.2 mg/m®. These studies also provided data that can be used for a quantitative risk assessment
(QRA). Four studiesin rats at lesser exposures or with shorter observation periods were
inconclusive or negative. The finding that the rat lung aso develops cancers in response to other
particulates, carbon black and titanium dioxide, indicates that diesel exhaust particul ate matter
may importantly contribute to the carcinogenicity of diesel exhaust intherat. Studiesin
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mice have mixed results. Unfiltered diesel exhaust significantly increased lung tumor incidence in
femae Strong A mice, female Sencar mice, and female NMRI mice (Pepelko and Peirano, 1983;
Heinrich et al, 19864). In female Strong A mice, however, the highest exposure resulted in a
decrease in lung tumor incidence relative to controls (Pepelko and Peirano, 1983). Exposure of
female NMRI mice to filtered diesel exhaust has produced both positive and negative results
(Heinrich et al., 1986b; Heinrich et al., 1995). Other studiesin mice are negative. All three
studies in hamsters were negative. Negative results in hamsters are consistent with the finding
that, unlike rats, hamsters do not demonstrate increases in DNA adduct formation following a 12-
week exposure to diesel exhaust particulate matter (see Section 5.4).

The mechanisms by which diesal exhaust induces lung tumorsin rats are not certain. Several
hypotheses have been proposed. One hypothesis invokes the genotoxicity of the compounds
condensed on the surfaces of the diesel exhaust particle. This hypothesis suggests the operation
of a general mechanism shared with humans and the absence of a dose-response threshold.
Another hypothesisis that diesel exhaust leads to oxidative damage to DNA by a mechanism
other than particle-induced inflammation. A third hypothesisis that the particul ate nature of
diesdl exhaust is responsible for its carcinogenicity. The inflammatory response to any fine
particle could, at high lung burdens, cause cellular proliferation and thereby increase the chance of
DNA replication before repair. This last mechanism could possibly operate in humans but may
suggest a dose-response threshold. More than one mechanism may be involved as there is some
evidence for each hypothesis.

1.3.2 COMPONENTSOF DIESEL EXHAUST

Many carcinogenic compounds are found in diesel exhaust. Compounds found in the vapor phase
include benzene, formaldehyde, 1-3-butadiene, and ethylene dibromide. At least 16 hydrocarbons
that are classified as possibly carcinogenic (IARC Classification 2B) to humans are adsorbed on
the exhaust particles. Additionally, benzo[a]pyrene, benz|a]anthracene, and
dibenz[a,h]anthracene, which are classified as probably carcinogenic to humans (IARC
Classification 2A), are adsorbed on the particles (IARC, 1989). A report of work at the U.S.EPA
surmised that the total carcinogenic effect estimated for all these compounds does not account for
all of the carcinogenic effect of the whole diesel exhaust (Pepelko and Ris, 1992). In thisregard,
Heinrich et al. (1995) and Nikula et al. (1995) report the carcinogenicity of carbon black in the
form of particles which are similar to the carbon core of the diesal exhaust particles but which
carry negligible adsorbed material.

While the vapor includes numerous cancer causing compounds, several animal studies found
tumors only from exposure to diesel exhaust particles. Three rat bioassays (Iwal et al., 1986;
Heinrich et al., 1986b; Brightwell et al., 1989) found that filtration of the exhaust, in order to
remove particles, eliminated any significant tumor response to exposure. In contrast, astudy in
one strain of mice found smilar increased incidences of malignant tumorsin filtered and
unfiltered exhaust groups (Heinrich et al., 1986b). However, asimilar study in the mouse
(Heinrich et al, 1995) did not find such an effect.
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A genera issue with regard to characterizing the toxicity of diesel exhaust is the variability of
exhaust composition among types of engines and over different driving (or other use) conditions.
However, findings suggest that variability in toxicity may be small when the health evaluation is
based on concentration of particulate matter.

The report here measures the carcinogenic effect of whole diesel exhaust against the mass per
volume of air of the diesel particulate matter. Therefore, the particle mass serves as a surrogate
measure for the whole (particul ate and gaseous phases) diesel exhaust exposure.

1.3.3 EPIDEMIOLOGICAL STUDIES

Over 30 epidemiological studies have investigated the potentia carcinogenicity of diesel exhaust.
The epidemiological evidence primarily concerns cancer of the lung. The question whether diesel
exhaust causes lung cancer has been addressed by both industry-based cohort studies and case-
control studies as well as population-based studies of lung cancer. Because there are no
epidemiological studiesinvolving industrial hygiene measurements concurrent with the exposure
of the study populations, exposure has typically been defined by the surrogate measures of usual
occupation or job classification within an industry.

There is a considerable degree of consistency in finding elevated, although not always statistically
significant, lung cancer risks in workers likely to have been exposed to diesal exhaust within
severa industries. Genera population-based case-control studies identified statistically significant
increases in lung cancer risk for truck drivers (Hayes et al. 1989; Swanson et al. 1993), railroad
workers (Swanson et al., 1993), heavy equipment operators (Boffetta et al., 1988), and for self-
reported diesel exhaust exposure in general (Siemiatycki et al., 1988). All of these significantly
elevated estimates were adjusted for smoking. Industry-specific studies, both of case-control and
cohort design, identified statistically elevated lung cancer risk for truck drivers (Ahlberg et al.,
1981; Rafnsson and Gunnarsdottir, 1991; Guberan et al., 1992; Hansen et al., 1993), professional
drivers (Benhamou et al., 1988; Pfluger and Minder, 1994) and railroad workers (Howe et al.,
1983; Garshick et al., 1987a; Garshick et al., 1988), with a minority of these studies adjusting for
smoking (Benhamou et al., 1988; Pfluger and Minder, 1994; Garshick et al., 19873).

In order to summarize quantitatively the overall and occupation-specific risks from the
epidemiological studies, ameta-analysis was conducted (see Appendix C). This meta-analysis
provides strong support for the hypothesis that occupational exposure to diesel exhaust is
associated with an increased risk of lung cancer. Pooled relative risk estimates from 30 studies
clearly reflect the existence of a positive relationship between diesel exhaust and lung cancer in a
variety of diesel-exposed occupations, which is supported when the most important potential
confounder, cigarette smoking, is measured and controlled. Another independently conducted
meta-analysis was published in January 1998, also reporting a persistent positive relationship
between occupational diesel exhaust exposure and lung cancer that could not be attributed to
potential confounding by cigarette smoking (Bhatia et al., 1998).
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The relative risk estimates obtained in these analyses are still generally low, since the estimates are
lessthan two. Relative risk estimates of this order potentially weaken the evidence of causality,
due to the increased possibility of unknown sources of bias or confounding producing the
findings. However, associations of this magnitude can serve as the basis for causa inference (e.g.,
active smoking and heart disease or environmental tobacco smoke exposure and lung cancer)
provided that other criteria are met.

A large mgority of studies reviewed here indicated a positive association between lung cancer and
occupational exposure to diesel exhaust. Several studies which accounted for at least one of the
two principal confounders, smoking and exposure to asbestos, found significantly elevated risks,
especialy after longer-term exposures (Garshick et al., 1987; Garshick et al. 1988; Gustavson et
al., 1990; Hayes et al., 1989; Swanson et al., 1993). Additionaly, the quantitative summary
provided by the meta-analysis demonstrated not only that the increases in lung cancer risk
remained after stratification by smoking or occupation, but in several instances increased. For
example, the pooled relative risk estimate for railroad workers increased from 1.45 to 1.68 (95%
Cl =1.28-2.19), when only smoking-adjusted risk estimates were considered.

1.3.4 CONCLUSIONS CONCERNING CAUSAL INFERENCE

Epidemiologica studies provide evidence consistent with a causal relationship between
occupational diesdl exhaust exposure and lung cancer. The evidence linking diesel exposure and
bladder cancer is not as extensive or compelling. The magjority of studies examining the diesel
exhaust-lung cancer association have reported elevated estimates of relative risk, many of which
are statistically significant. The consistency of these findingsis unlikely to be due to chance.
Moreover, with the possible exception of some studies that did not take smoking into account, the
results are unlikely to be explained by confounding or bias. Thisisreinforced by the results of a
meta-analysis undertaken by OEHHA staff (Appendix C, summarized in Section 6.2.2), in which
statistically significant pooled estimates of relative risk persisted through numerous subset and
sengitivity analyses. For example, the pooled relative risk estimate for studies that adjusted for
smoking was 1.43 (95% CI = 1.31-1.57). In addition, severa studies show clear exposure-
response relationships. The strength of the associations reported is typically within the range
considered “weak” in epidemiology (i.e., estimates of relative risk between 1 and 2); nonetheless,
thisis not a bar to causal inference as long as other criteria are met, as discussed in Section 6.2.4.

Finaly, it is biologically plausible because of its mutagenic and carcinogenic constituents that
exposure to diesel exhaust would increase the risk of lung cancer. Therefore, a reasonable and
likely explanation for the increased risks of lung cancer observed in the epidemiologic studiesisa
causal association between diesal exhaust exposure and lung cancer.

This conclusion can be compared to those of the several prominent bodies that have assessed the
carcinogenic potential of diesel exhaust. The National Institute of Occupational Health and
Safety (NIOSH) first recommended that whole diesel exhaust be regarded as a potential
occupational carcinogen based upon anima and human evidence in 1988. The Internationa
Agency for Research on Cancer (IARC, 1989) concluded that there is sufficient evidence for the
carcinogenicity of whole diesdl engine exhaust in experimental animals and that there is limited
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evidence for the carcinogenicity of whole diesdl exhaust in humans. On that basis, IARC
concluded that diesdl engine exhaust is probably carcinogenic to humans and classified diesel
exhaust in Group 2A. Based upon the IARC findings, in 1990, the State of California under the
Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition 65) identified diesel
exhaust as a chemica known to the State to cause cancer. The U.S.EPA has twice proposed a
conclusion similar to IARC in their draft documents. In 1990, they proposed to classify diesel
emissions into their equivaent category B-1 (U.S.EPA, 1990; Pepelko and Ris, 1992). The 1994
draft U.S.EPA document concluded similarly that there was sufficient animal evidence of
carcinogenicity and that the human evidence was limited (U.S.EPA, 1994). The 1998 draft
U.S.EPA document concluded that based on the human evidence aone, diesel exhaust is close to
being a human carcinogen (U.S. EPA 1998).

The Health Effects Institute (HEI) and the World Health Organization (WHO) a so evaluated the
carcinogenicity of diesel exhaust (HEI, 1995; WHO, 1996). The HEI and WHO both found that
the epidemiological data are consistent in showing weak associations between exposure to diesel
exhaust and lung cancer. The HEI and others have aso considered that the absence of reliable
exposure data, inability to control for some confounders, and questions about one’s ability to
estimate a dose-response relationship in the epidemiological studies limits the ability to use them
for quantitative risk assessment. The HEI found that the carcinogenicity of diesel exhaust had
been convincingly demonstrated in rats. However, the HEI also concluded that the rat lung
response was likely related to an overload of the rat clearance mechanism. HEI found that there
was evidence indicating the effect was specific to the rat and therefore cautioned against
extrapolating the rat findings to humans exposed at ambient levels.

1.4 QUANTITATIVE RISK ASSESSMENT

The quantitative risk assessment (QRA) uses the carcinogenicity data from two human studiesto
predict risks of cancer in humans that are subject to ambient exposures of diesel exhaust. In
addition, QRA of the rat data was also conducted for comparison but the results are not used in
the final range of risks. This assessment predicts risk in relation to the mass of diesel particulate
matter, which serves as a practical surrogate for the source of carcinogenicity in diesel exhaust.
This choice also allows direct use of common measurements of air pollution in the particle phase.

This assessment follows California guidelines in reporting unit risks as 95% upper confidence
limits (UCL ) of the mathematical model. In the rat-based predictions, these unit risks are
obtained from results of modeling the rat data first and then scaling the results to humans.

In addition to predicting risk based simply on cumulative exposure to diesel exhaust particles from

human and rat data, this assessment also predicts risk based on cumulative exposure to the burden
of particlesin the rat lung. Toxicokinetic data and models are required for this prediction.
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141 TOXICOKINETICS

The biological fate of the inhaled particle-associated compounds is influenced by distribution,
clearance, and metabolism in the body, particularly in the lung. In turn each of these parameters
can be influenced by the characteristics of the “carrier” particle as well as the organic compound.
Various respiratory tract tissues have been shown to metabolize the particle associated
compounds, benzo(a)pyrene (BaP) and nitropyrene (NP). Clearance of deposited particlesis
conveniently characterized in three phases. Early clearance appears to be similar across the
species studied. Intermediate-phase clearance rates appear to vary depending on species, dose
and duration of exposure. Lung clearance rates for the mouse and rat are approximately 4 times
greater than those for humans and dogs. The late phase occurs during impaired removal.
Repeated exposure to sufficiently high concentrations results in excessive particul ate |oading.
Particle-laden macrophages exhibit decreased mobility and phagocytic activity resulting in
dluggish transport of particles from the lungs. Experimentsin the rat have shown that at high
exposures the mass of diesal exhaust particles remaining in the lung does not appear to reach a
steady state as exposure time increases (Mauderly et al., 1987). This overload phenomenon
occurs because lung clearance does not keep up with deposition. Normally, clearance rates in the
human lung are substantially slower than clearancein rat lungs. Thisinformation was considered
in interpreting the animal bioassay results and the human epidemiological studies and in
extrapolating the results to ambient concentrations. Information on toxicokineticsis used to
predict arelationship between exposure and accumulation of diesel soot in the lung.

142 USING THE RAT STUDY TO PREDICT CANCER RISKSIN HUMANS

Unit cancer risk estimates were derived from rat studies using two different measures of dose.
First, the relationship between ambient concentration and lung tumor formation was examined.
Second, lung tumors were analyzed as a function of cumulative lung burden over time. The latter
dose measure was assumed on theoretical grounds to be a better predictor of tumorigenicity.

The results of Mauderly et al., using two different models of carcinogenicity and the two
measures of exposure, yield alowest calculated 95% UCL for unit risk of 0.5 x 10 (ug/m®)™.
Thisvalue is based on the Moolgavkar cell-proliferation model using rat lung burden extrapolated
to human lung burden per aveolar surface area. The highest 95% UCL for unit risk value from
the Mauderly et al. study was 3 x 10 (ug/m®)™* using the Weibull model with rat inhalation
exposure levels as input, and extrapolation based on intake per body surface area.

While the data of Mauderly et al. (1987) were determined to be most applicable anong rat data
sets to estimate cancer potency, a comparative evaluation of several multiple dose experiments
with rats was aso conducted using the quantal form of the linearized multistage (LM S) model.
This model has been extensively used by OEHHA, U.S.EPA, and other public health
organizations (DHS, 1985; U.S.EPA, 1986; WHO, 1996) and the application here was developed
in consultation with the U.S.EPA. Among the five rat studies, after fitting the rat data and scaling
the results to humans using a 70 year lifetime, the lowest 95% UCL for risk was 1 x 10° (ug/m?)
! and the highest value was 2 x 10 (ug/m®)™. In their 1994 and 1998 draft risk
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assessment, the U.S.EPA applied the linearized multistage mode to the three of these five animal
bioassays then available to derive human unit risk estimates. Their analysis provided similar unit
risks.

The uncertainty in the application of these rat predictions to humans is substantial. The scaling of
such important characteristics as clearance rates, the presence or absence of athreshold for onset
of carcinogenic effects, or the possible presence of multiple carcinogenic mechanisms al
contribute to the uncertainty. The present lack of knowledge about how the carbon core of the
diesel exhaust particle contributes to carcinogenicity also adds to the uncertainty about the scaling
from rats to humans. For example, it has been suggested that rodent lung tumor induction by
particles such as carbon black and titanium dioxide may not be relevant to human cancer risk if
due to an overwhelming of particle clearance and no other tumor responses are noted
(Commission on Risk Assessment and Risk Management, 1996). Thus, the human risk estimates,
based upon the rat data alone, are especialy uncertain and may be substantialy higher or lower.

Due to the above uncertainties and the availability of epidemiological data, OEHHA has placed
the quantitative risk assessment based on rat studiesin Appendix G and has focused on the risk
estimates from epidemiological datafor the final range of unit risks for humans.

143 QUANTITATIVE RISK ASSESSMENT BASED UPON OCCUPATIONAL
STUDIES

The Garshick et al. (1987a) case-control study and the Garshick et al. (1988) cohort study of
U.S. raillroad workers were used to estimate the risk of lung cancer in the general population due
to diesel exhaust. These two studies were selected for quantitative risk assessment because of
their quality, their apparent finding of arelationship of cancer rate to duration of exposure, and
the availability of measurements of diesdl exhaust among similar railroad workers from the early
1980's in other studies. The case-control study (1987) has an advantage in providing direct
information on smoking rates, while the cohort study (1988) has an advantage of smaller
confidence intervals in the risk estimates.

The relative risks reported in these studies were related to estimates of the actual exposuresto
develop a quantitative risk assessment. In order to bracket the exposure of the railroad workers to
diesel exhaust a variety of patterns of exposure are considered. The patterns are characterized by
two components: a) the extent of change from 1959 to 1980 in diesel exhaust exposure,
expressed as aratio, and b) the average exposure concentration for the workers on trains
measured in the Woskie et al. (1988a) study, the baseline. The alternative ratios are as follows:
a) aratio of 1 suggested and used in Crump et al. (1991) as more realistic than the Garshick et al.
(19873, 1988) assumption of constant concentration from 1959-1980 and none before that; b) a
ratio of 2 suggested by K. Hammond (1998) to allow for a modest peak in 1959; c) aratio of 3
allowing for more peak, a scaled down version of the exposure factor of 10 that Woskie et al.
(1988b) reported for exposure concentration of shopworkers to nitrogen dioxide in enclosures
including engine test sheds; and d) aratio of 10, peak of the magnitude of values for the engine
test sheds. The alternative baselines are as follows: 40, obtained by subtracting the background
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measurement of the unexposed workers from the measurement of the train workers, rounded
down (see Table 7-9 footnotes: 82-39=43); 50, same but rounded up to allow somewhat for
measurements of workers on trains not having as much non-diesel exhaust background as the
clerks; and 80, obtained by assuming that the entire ETS-adjusted RSP of the train workersis
diesal exhaust while the clerks are considered unexposed to diesel exhaust (O concentration).

1.43.1 THE GARSHICK (1987A) CASE-CONTROL STUDY

For the Garshick (1987a) case-control study, OEHHA relied upon the exposure reconstructions
described above to develop arange of unit risk values. The highest 95% upper confidence limit
(UCL) value derived for this study was 2.4 x 10° (ug/m®)™; this valuewas based upon the
assumption of a ramp pattern and a 50 pg/m® exposure level. The lowest 95% UCL value of 3.6
x 10™ (ug/m®)™ is based upon the roof pattern of exposure with the highest exposure 10-fold
above the 50 pg/m?® exposure level. Unit risk estimates based on different exposure
reconstructions and the data in Garshick (1987a) are presented in Table 1-1.

1432 ANALYSESOF THE GARSHICK ET AL. (1988) COHORT

Estimates of unit risk based on the retrospective cohort study of U.S. railroad workers by
Garshick et al. (1988) also relied on reconstructions of exposure. The highest 95% upper
confidence limit (UCL) value derived using the cohort study was 1.8 x 10 (ug/m?®)™* based on the
assumption of aramp pattern and 50 pg/m?® exposure level. The lowest 95% UCL value using
biologically-based modeling of 1.3 x 10 (ug/m®)™ is based upon the roof pattern of exposure
with the highest exposure 3-fold above the 50 pug/m® exposure level.

The Garshick et al. (1988) cohort study has been identified as being among the most
comprehensive and extensive epidemiologica data sets with regards to the carcinogenic effects of
diesal exhaust exposure. Even so, due to limitations in the data set, and of epidemiological
studiesin general, a number of questions have been raised as to the application of this data set to
the quantitative risk assessment of diesel exhaust. One of the key issues with regard to the cohort
is whether or not the data show dose-response. The original publication indicated that among this
cohort there was a small but significantly elevated risk for lung cancer. In December 1994,
U.S.EPA released a comprehensive health review of diesal exhaust. This draft document included
areanaysis (Crump et al., 1991) of the dose response of Garshick et al. (1988) cohort study.
While the reanalysis appeared to show the absence of a dose-response relationship, subsequent
reanayses by OEHHA continued to find evidence of a dose-response relationship (Appendix D).

In January, 1996, the Health Effects Institute (HEI) and OEHHA organized ajoint workshop with
the Air Resources Board, U.S.EPA, the World Health Organization (WHO), and the National
Institute for Occupational Safety and Health (NIOSH) to bring together recognized experts and
interested parties to help clarify and resolve differences in analyzing and interpreting the
epidemiological data on diesel exhaust, particularly the Garshick et al. (1988) cohort study. Since
that time, OEHHA has continued an open scientific exchange regarding ways to better assess the
Garshick data. While there still appears to be differencesin the scientific
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interpretation of the Garshick data, the differences in assumptions, approaches and results are
now clearer and better understood.

Appendices E and F summarize the nature of and bases for these differences. Appendix D
provides further analyses of the cohort datain Garshick et al. (1988).

A meta-analysis (Appendix C) of the epidemiological studies found that the Garshick cohort study
reported arelative risk which is reasonably consistent with the range of lung cancer risks
associated with diesel exhaust exposure in other studies. Further analyses of the Garshick cohort
(Chapter 7, Appendix D) based upon exposure reconstructions provide a number of positive 95%
UCL risk estimates.

In addition to a quantitative risk assessment utilizing the Garshick et al. (1988) cohort study, our
risk assessment includes estimates based upon the results of the Garshick et al. (1987a) case-
control study. Such estimates are consistent with the results of the meta-analysis and the similar
conclusion by HEI of asmall but consistent elevated risk of lung cancer in the occupational
studies.

Cdculations presented in Chapter 7 and the reanalyses of the individual data of the Garshick et al.
(1988) cohort study in Appendix D provide a number of estimates of unit risk, with the range of
95% UCL described in Table 1.1.

1.5 SOURCESOF UNCERTAINTY IN QUANTITATIVE RISK ASSESSMENT

Results based on the human data and those based on the animal data are both subject to
considerable uncertainty. The strengths and weaknesses of calculating population risks using the
human studies (Garshick et al., 1987a; Garshick et al., 1988) and the animal bioassay (Mauderly
et al. 1987a; Brightwell et al., 1989; Heinrich et al., 1995; Ishinishi et al., 1986a; Nikula et al.,
1995) are summarized in Table 7-6.

The principal uncertainties in using the rat data are their application to humansin terms of
response, the choice of dose-response model to extrapolate the risk to environmental
concentrations, and the range of dose extrapolation involved.

The principa uncertainties in using the human data are the representativeness of railroad workers
for the general population, the choice of the analytical model, and the lack of knowledge of the
exposure history of the railroad workers including possible exposure to unknown confounders.
The historical reconstruction here is based upon the Woskie et al. (1988b) exposure data for
railway workers and the rate of diesdlization for U.S. railroads. Using arange of reduced
emission assumptions, alternative exposure patterns are considered. This reconstruction takes
into account to some degree the likely higher exposure levelsin the past. If actual exposures
were higher than assumed here, then our estimates of the risk would be lower. And if exposures
were lower, then the estimated risks would be higher. The range of extrapolation from these
estimated occupational exposure levels to the California population-weighted annual average
exposure of 1.54 pg diesel exhaust particulate/m? is not large.
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The presence or absence of a dose-response threshold is another source of uncertainty. Thein
vitro and in vivo genotoxicity of diesel exhaust suggests that a non-threshold mechanism for
carcinogenesis may be involved. The Moolgavkar quantitative analyses of the rat cancer bioassay
did not suggest there was a threshold for the carcinogenicity of diesel exhaust in therat. In
addition, as discussed in Appendix B, epidemiological studies have observed increasesin the
relative risk for lung cancer in association with exposures of the general population to ambient
particulate matter. On the other hand, evidence that diesel exhaust particulate matter at high
concentrations exceeds pulmonary clearance capabilities and causes chronic inflammation so asto
increase production of inflammatory cytokines and cell proliferation may suggest the presence of a
threshold. However, at present, the limited evidence available does not allow a threshold value
for carcinogenesis to be identified.

On balance, the human data lend more confidence in the prediction of human risks than the data
from the rat studies because of the uncertainties of extrapolating from rats to humans, especially
in the context of a substantial particle effect. The uncertainties of extrapolating from rats to
humans appear to outweigh the uncertainties of using the epidemiological results, namely, the
uncertainties of the actual exposure history, modeling, and data selection. The exposure
reconstructions bracket the overall exposure and therefore they bracket the risk. The uncertainty
in the extrapolation from animal datais difficult to quantify, but islikely to be much greater.
Extrapolations of either the animal or human data involve additional sources of uncertainty with
respect to both model and data selection.

A number of individuals and organizations have indicated that the epidemiological studies are
limited in their application to environmental risk assessment. OEHHA recognizes that the limited
exposure information available does contribute to the overall uncertainty of the dose response risk
assessment for diesel exhaust based upon the epidemiological findings. However, the overall
magnitude of the associated uncertainty is not unduly large. The greater than unusual uncertainty
in the exposure estimates is substantially offset by the much smaller than usual range of
extrapolation from the occupational exposures of interest to the ambient levels of concern here.
The availability of human data obviates the need to use animal data thus avoiding uncertainties of
animal-to-human extrapolation. OEHHA provided atabular range of risk so asto fairly capture
the scope of the uncertainty in these analyses.

16 CONCLUSIONSAND RANGE OF RISK ESTIMATES

A reasonable and likely explanation for the increased rates of lung cancer observed in the
epidemiologic studiesis a causal association of diesel exhaust exposure with lung cancer.
OEHHA therefore estimated the magnitude of the cancer risks associated with the range of
human exposures. OEHHA has provided arange of values to describe the magnitude of the
potential risks.

Based on the human data, the principal finding of this quantitative risk assessment is a range of

lifetime unit risk (95% UCL) as shown in the right-hand column of Table 1-1; with the lowest risk
estimate of 1.3 x 10 (lifetime - my/m®)™ and the highest risk estimate of 2.4 x 107
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(lifetime - nym®) ™. The geometric mean unit risk obtained from the end points of the range of
valuesin Table 1-1is6 x 10* (lifetime - my/m® ™. The geometric mean provides information on
the central tendency of the range and is not to be confused with a best estimate identified from the
available calculations. The lower end of the range is the rounded value for both forms of
multistage model using the roof exposure pattern for the data of the Garshick et al. (1988) cohort
study of U.S. railroad workers. OEHHA concludes that the more scientifically valid unit risk
values are near the lower end of the range based on analyses conducted in Chapter 7 and
Appendix D.

The values based on rat data are dightly within or below the bottom of the range of values based
on human data. This divergence may be due to a greater sensitivity of humans, to underestimates
of exposure in the human studies, to lack of knowledge of the appropriate way in which to
calculate scaling from rodents to humans or to other factors. For instance, the wide range in risk
values obtained using human data and those obtained using rat data may reflect the substantially
greater background rate of lung cancer in humans (due to smoking). As described in Appendix G,
the range of 95% UCL for risk from the five rat studies, after fitting the rat data and scaling the
results to humans, is 1 x 10° to 3 x 10 (my/m®™. A geometric mean unit risk estimate from the
rat studies determined in this document and in U.S. EPA (1994) is 6 x 10 (lifetime-ng/m®)™.

The uncertainty in extrapolating the rat findings to humansis substantial. The scaling of such
important characteristics as clearance rates, the presence or absence of athreshold for onset of
carcinogenic effects, or the possible presence of multiple carcinogenic mechanisms al contribute
to the uncertainty. The present lack of knowledge about how the carbon core of the diesel
exhaust particle contributes to carcinogenicity also adds to the uncertainty about the scaling from
rats to humans. Because of these uncertainties and the availability of epidemiologica data,
OEHHA has decided to use risk estimates based on human data for the final range of risksto
humans (see Table 7-6).

The strengths and weaknesses of calculating population risks using the human studies (Garshick et
al. 1988, Garshick 1987 et al.) and the animal bioassays (Mauderly et al., 1987; Brightwell et al.,
1989; Heinrich et al., 1995; Ishinishi et al., 1986a; Nikula et al., 1995) are presented in Table 7-6.
An approximate correction for smoking would raise the rat-based unit risks into near coincidence
with the human-based unit risks as applied to the California population. On balance, the human
data lend more confidence in the prediction of human risks than the data from the rat studies
because of the uncertainties of extrapolating from rats to humans, especially in the context of a
substantial particle effect.

Table 1.1 presents the 95% UCL lifetime unit risks per pg/m°. The Air Resources Board has
estimated that the average annual ambient concentration of diesel exhaust to which Californians
are exposed is 1.54 pug/m?; thisincludes both indoor and outdoor exposure. The upper limit of
potential additional cancer cases over a lifetime in California can be estimated using the cancer
unit risk valuesin Table 1-1 and the Air Resources Board estimate of the average ambient
concentration of diesel exhaust to which Californians are exposed. This estimate is arange from
200 to 3600 additional cancer cases for every one million Californians over a 70 year lifetime.
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The estimate was derived by multiplying the average statewide concentration of diesel exhaust
(1.54 pg/m®) times the highest and lowest cancer unit risk values found in Table 1-1 and rounding
to one significant digit. OEHHA concludes, based on analyses presented in the Technical Support
Document, that the more scientifically valid unit risk values and subsequent estimates of the upper
limit of potential additional cancer cases are near the lower end of the ranges.

Based upon its own analysis and that of the U.S.EPA, OEHHA recommends the adoption of
5 ug/m? (the 1993 U.S.EPA RfC) as the chronic inhalation Reference Exposure Level (REL).

Based upon the cancer risk to the public and the potential short-term and long-term respiratory
effects of diesel exhaudt, diesel exhaust appears to meet the definition of atoxic air contaminant
(Health and Safety Code Section 39655). Diesdl exhaust is“an air pollutant which may cause or
contribute to an increase in mortality or in serious illness, or which may pose a present or
potential hazard to human health.”
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Table 1-1. Summary of Cancer Unit Risks According to Study, Exposure Assumptions, and M odeling
Approaches.
Garshick et al. (1987a) Case Control* 95% UCL Cancer Unit Risk (ug/m?)™*
Scenario®
A 2.4x10°
B 1.8x 107
C 1.0x 107
D 6.6 x 10*
E 3.6x10*

Garshick et al. (1988) Cohort Study (Chapter 7)°

Scenario
A 1.8x10°
B 1.4x10°
C 8.2x 10"
D 5.1x10*
E 2.8x10*
Garshick et al. (1988) Cohort Study Appendix D)*
Scenario A
general multiplicative model 1.9x10°
biologically based® 3.8x10*
Scenario C
general multiplicative model 7.2x 10"
biologically based ® 1.3x 10"
biologically based © 1.5x 10"

Using published slope coefficient for hazard on years to diesel exhaust as described in 7.3.3.

A Ramp pattern of exposure plateauing in 1959 at the 1980 exposure level of 50 pg/m?®.

B Roof pattern of exposure peaking in 1959 at twice the 1980 exposure level of 40 pg/m?®.

C Roof pattern of exposure peaking in 1959 at 3-fold the 1980 exposure level of 50 pg/m?®.

D Roof pattern of exposure peaking in 1959 at 3-fold the 1980 exposure level of 80 ug/m®.

E Roof pattern of exposure peaking in 1959 at 10-fold the 1980 exposure level of 50 ug/m®.

Using individual datato obtain a dope for hazard on years of exposure to diesel exhaust as described
in Section 7.3.4.

Applying time varying concentrations to individual data to obtain a dope of hazard on exposure as
described in Appendix D.

> 6"/7 stage model.

& 7"7 stage model.
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20 INTRODUCTION

This health risk assessment for diesel exhaust provides the health evaluation and recommendations
constituting the basis for the Air Resources Board (ARB) of the State of Californiato identify
diesel exhaust as atoxic air contaminant, pursuant to Health and Safety Code Section 39660.

This present document is the third draft document prepared in response to an October 2, 1989
memorandum from the ARB to the Department of Health Services. This memorandum requested
evaluation of the health effects of diesel exhaust as a candidate toxic air contaminant.

In June 1994, March 1997, and February 1998 the Office of Environmental Health Hazard
Assessment (OEHHA) released draft documents, Health Risk Assessment for Diesel Exhaust, for
public comment. The Scientific Review Panel reviewed the document at their meeting in October
1997, held a meeting with invited scientists in March 1998, and held afina meeting where they
approved the document on April 22, 1998. The present document has been updated in response
to ipublic comments and comments by the Scientific Review Panel.

There has been much collaboration and consultation in the development of the OEHHA
documents on diesel exhaust. With respect to the preparation of the first draft, OEHHA
participated in an ARB conference, “Risk Assessment of Diesel Exhaust: 1990 and Beyond,” to
discuss exposure and health issues related to diesel exhaust with nationa experts, including
individuals from the United States Environmental Protection Agency, the University of California
and the engine manufacturers. In June, 1992, ajoint ARB-OEHHA-UCB paper (Denton et al.
1992) at the Air and Waste Management Association annual meeting presented a summary of
initial findings of the review for the present document. Upon the release of the draft document,
OEHHA held two public workshops for the purposes of explaining and soliciting input from the
public and members of the scientific community. In addition, the ARB and OEHHA received
over 1,000 pages of public comments regarding the previous drafts which have been considered in
the preparation of Part B of this draft. Part C, Response to Public Comments, provides our
formal responses to the comments received on the last draft (February 1998).

After the release of the 1994 draft document, the U.S.EPA in November of 1994 and the HEI in
May of 1995 each released comprehensive risk assessment documents on diesel exhaust. These
documents differed from each other and our 1994 draft especially with respect to the use and
interpretation of the available animal and human health hazard information relating to the
carcinogenicity of diesdl exhaust. In early 1996, the OEHHA, HEI, ARB, WHO, and NIOSH
cosponsored an international workshop to discuss the bases of the scientific differences of opinion
regarding the carcinogenic potentia of diesel exhaust. Thisworkshop focused upon the use of
the available human epidemiological information to estimate the potential cancer risk to persons
exposed to diesel exhaust. This two-day workshop particularly concerned itself with the analysis
of the dose-response trend in Garshick cohort study of railway workers (Garshick et al. 1988).
This document reflects the benefit of those discussions. In particular, Appendix C was devel oped
to quantify the overall conclusions and graphical presentation in the epidemiology anaysis of the
HEI report. Furthermore, Appendices E and F were added to help clarify the underlying scientific
issues in specific quantitative analyses of the available data.
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Following this chapter are the sections of the text, tables, and figures that support the summary of
Chapter 1.

Chapter 3, Toxicokinetics, reviews the literature of the transport of diesel exhaust into and out of
thelung. The text includes consideration of the tendency of the particulate phase to be retained in
the lung after inhalation of diesel exhaust at high exposure concentrations.

Chapter 4, Noncar cinogenic Effects, reviews the literature on those adverse health effects that are
not specifically related to genotoxicity or carcinogenicity. The document includes discussion of
the recent immunotoxic effects reported for both humans and animals. The primary result from
this section is the designation of areference concentration (RfC) in agreement with that of the
U.SEEPA. The U.S.EPA’sIRIS document supporting their RfC is incorporated as Appendix A,
Reference Concentration for Chronic Inhalation Exposure. This section also refersto the
evidence for health effects of respirable particulate matter by reference to Appendix B, Hedlth
Effects of Ambient Particulate Matter.

Chapter 5, Genotoxicity, has information on the results of genotoxicity tests, discussion of
bioavailability under physiological conditions, information on DNA adducts in humans and
animals exposed to diesal exhaust, and information on induction of oxidative DNA damage by
intratracheal ingtillation of diesel exhaust particulate matter.

Chapter 6, Carcinogenic Effects, has information on diesel exhaust and diesel exhaust particulate
matter carcinogenicity bioassays, a discussion of potential mechanisms of action of diesel exhaust-
induced rat lung tumor induction, information from the meta-analysis (see below), and extensive
discussion of several issuesin the causal inference subsection.

Appendix C, Quantitative Meta-analysis on the Relationship of Occupational Exposure to Diesel
Exhaust and Lung Cancer, assesses the consistency in results among the epidemiological studies
with respect to the potential of diesel exhaust exposure to cause lung cancer. The results of this
appendix are important to the overall qualitative conclusion reached in Chapter 6.

Chapter 7, Quantitative Cancer Risk Assessment, describes the analysis of the epidemiological
data to estimate human cancer risk. A number of numerical corrections suggested by the public
comments were made. The document now bases the range of unit risk estimates only on the
epidemiologic information. We evauated the exposure data for the railroad workers and have
identified arange of exposures and exposure patterns for use in the quantitative risk assessment.

Appendix D presents calculations of the relationship of risk to diesel exhaust exposure, using the
individual datain the Garshick et al. (1988) cohort study of US railroad workers. The analyses
use different models and time patterns of exposure to explore the influence on calculated risks.

Appendix E, Differencesin Approach to Analyzing the Garshick et al. (1988) Cohort, focus on
issues related to the validity of the dose-response relationships obtained from that study.
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Appendix F, Effect of Model Assumptions on Exposure-Risk Relationship for the Garshick et al.

(1988) Cohort Study, has been added to the document and it further evaluates dose-response
related issues.

Appendix G, presents the quantitative risk assessment based on the rat bioassay data.

2-3



MAY 1998

3.0 TOXICOKINETICS

The emissions from diesel engines contain both gaseous and particulate constituents. The gaseous
constituents include carbon dioxide, carbon monoxide, nitric oxide, nitrogen dioxide, oxides of
sulfur, and hydrocarbons (e.g. ethylene, formaldehyde, methane, benzene, phenal, 1,3-butadiene,
acrolein and some polynuclear aromatic hydrocarbons (PAHs)and nitro-PAHSs. Particlesin diesel
exhaust have solid carbon cores that are produced during the combustion process and tend to
form chain or cluster aggregates. More than 95% of these particles are lessthan 1 mmin size.
Estimates indicate that as many as 18,000 different substances from the combustion process can
be adsorbed onto diesel exhaust particles. The adsorbed material constitutes 15 to 65% of the
total particulate mass and includes such organic compounds as PAHs and nitro-PAHs (Cuddihy et
al., 1984). The organic compounds adsorbed on diesel exhaust particles are of interest because
they include mutagens and carcinogens (See Sections 5 and 6). Which organic pollutants are
carried on a particle, how much, and how they later become separated from the particle are, in
part, affected by physical and chemical properties of both the organic pollutant and the “carrier”
particle (Sun et al., 1988).

The biological fate of the inhaled particle-associated compounds is influenced by distribution,
clearance, and metabolism in the body, particularly in the lung. In turn each of these parameters
can be influenced by the characteristics of the “carrier” particle as well as the organic compound.
Various respiratory tract tissues have been shown to metabolize the particle associated
compounds, benzo(a)pyrene (BaP) and nitropyrene (NP). Clearance of deposited particlesis
conveniently characterized in three phases. Early clearance appears to be smilar across the
species studied. Intermediate-phase clearance rates appear to vary depending on species, dose
and duration of exposure. Lung clearance rates for the mouse and rat are approximately 4 times
greater than those for humans and dogs. The late phase occurs during impaired removal.
Repeated exposure to sufficiently high concentrations results in excessive particul ate |oading.
Particle-laden macrophages exhibit decreased mobility and phagocytic activity resulting in
dluggish transport of particles from the lungs. Experimentsin the rat have shown that at high
exposures the mass of diesal exhaust particles remaining in the lung does not appear to reach a
steady state as exposure time increases (Mauderly et al., 1987a). This overload phenomenon
occurs because lung clearance does not keep up with deposition. This section will discuss the
deposition of diesel exhaust particulate and associated organic compounds, clearance from the
lung, lung metabolism and distribution of various components throughout the body.

31 LUNG DEPOSITION

Based upon differences in physiological function and particle clearance characteritics, the
respiratory tract has been subdivided into three regions (Task Group on Lung Dynamics, 1966):
1) naso- or oro-pharyngeal; 2) tracheobronchial; and 3) alveolar. The naso- or oro-pharyngeal
region extends from the anterior nares or lipsto the larynx. The tracheobronchial region covers
the airways from the trachea to terminal bronchioles, inclusively. These first two regions of the
respiratory tract are ciliated and lined by mucus. The airways beyond the termina bronchioleare
the alveolar region of the lungs, where gas exchange takes place. These airways are nonciliated
and are lined with surfactant.
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There are four mechanisms which cause deposition of particles within the respiratory tract (Yu
and Xu, 1987): impaction, sedimentation, interception, and diffusion. The contribution from each
individual mechanism to total deposition depends upon the particle size and flow rate. Under
normal breathing conditions, small particles, < 0.5 mm, are deposited mainly through diffusion.
Because of their small size, < 0.2 mm, most diesel particles deposit through diffusion, and the role
of the other mechanismsis minor (Yu and Xu, 1987).

The deposition of diesel particles or surrogate diesel particles (i.e. inert particles of smilar size,
such as Ga,03) has been studied in rats, guinea pigs and dogs (Chan et al., 1981; Lee et al., 1983;
Strom et al., 1989; Wolff et al., 1987; Brooks et al., 1981) utilizing radiolabeled particles.
Deposition of diesel exhaust in humans has been mathematically modeled by Yu and Xu (1987).
The results of these studies are summarized in Table 3-1. The pulmonary deposition efficiency --
mass deposited as a percent of massinhaled -- appearsto be fairly smilar across the species
studied thus far. In general, the efficiency of pulmonary deposition fallsin the range of 12 to
20%.

In their model studies, Yu and Xu (1987) estimated a 10 to 13% efficiency of alveolar deposition
for diesdl particles size 0.1 to 0.3 mm (geometric standard deviation 4.5) in adult humans under
normal breathing conditions. Breathing mode, whether by nose or mouth, did not appear to affect
efficiency of alveolar deposition. However, at a given respiratory frequency, increasing the
minute ventilation (i.e. the number of breaths per minute multiplied by the tidal volume) increased
the efficiency of aveolar deposition significantly.

Total and regiona deposition efficiencies were also evaluated as a function of age. Both total and
regional deposition of diesel particles were higher in children above 2 years of age than in adults.
Although head and tracheobronchia deposition decreased monotonically as age increased,
alveolar deposition peaked at about five years of age. Tota deposition reached a maximum at the
age of two years.

Yu and Xu (1987) adso compared the measured deposition efficiencies for laboratory speciesto
the efficiencies predicted by their model. Predicted values agreed well with actual data. Despite
the fact that the body weight of humans and laboratory animals differ by several orders of
magnitude, the difference between deposition efficiency predicted for humans is within 30% of
deposition efficiency measured in laboratory animals. An increase in body weight across species
was associated with a dight decrease in deposition efficiency.

3.2 LUNG CLEARANCE
The sections on clearance consider results for acute exposure, for chronic and subchronic

exposure and for clearance of particle-associated organics. Lung clearance of particlesisan
important defense mechanism against inhaled particulate matter. The clearance of particles has
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an early, an intermediate phase and a late phase (Wolff et al., 1987). The early phase
characterizes the rapid removal of particles deposited in the tracheobronchial tree or in the
proximal respiratory bronchioles viathe mucociliary escalator. The intermediate phase
characterizes the ow removal of particulate matter from the pulmonary region by processes
which may involve endocytosis, absorption, dissolution and metabolism of the particles. The late
phase refers to the impaired clearance due to overloading of macrophages by particles, leading to
sequestration of those macrophages in the lung aveoli. Under normal conditions, most of the
particles deposited in the pulmonary region are first engulfed by alveolar macrophages which are
then cleared by transport to the bronchial airways or the lymphatic system. In repeated high
exposures, clearance is serioudly impaired, and the late phase needs to be considered.

Alveolar clearance rates for non-diesdl particles vary markedly between species, and are
considerably longer in dogs and humans, compared with rodents (Snipes, 1989a,b). In addition,
previous lung burdens of particulates slow the aveolar clearance process (Morrow et al., 1991).
Strom et al. (1990) found that low concentrations of particles given over along period of time
resulted in greater retention in the lung than high concentrations over a short time, thus
complicating the issue of extrapolating from short-lived rodents to human data.

321 RESULTSFOR ACUTE EXPOSURES

Two of the lung clearance studies conducted to date with acute exposures have utilized the rat as
the animal model (Chan et al., 1981; Leeet al., 1983). This study aso utilized guinea pigs (Lee
et al., 1983). Lung clearance studies are summarized for acute exposuresin Table 3.2. Thetime
course of the early phase (tracheobronchial clearance) appears to be similar across the two species
studied and independent of dose or exposure duration.

Intermediate clearance rates, however, appear to depend on the dose, the exposure duration and
the species examined. Acute exposure protocols do not appear to disrupt normal alveolar
clearance; so the acute studies give baseline intermediate-phase clearance half-timesin rats,
ranging from approximately 40 to 80 days with no statistical difference between control and
exposed groups (see Table 3.2). Guinea pigs appear to be essentially unable to clear diesel
exhaust particles deposited in the alveolar region (Lee et al., 1983). Following acute exposure to
¥C-tagged diesel exhaust (7 mg/m*for 45 min.), very little alveolar clearance was observed from
day 10 to 432 postexposure. Only early phase (tracheobronchial) clearance was observed.

Snipes et al. (1983) conducted a study to compare retention of ***Cs-labeled fused aluminosilicate
particles (FAP) inhaled by three animal species: dog, rat and mouse. The study period in this
investigation was quite long, up to 850 days (nearly 28 months) after exposure to ***Cs-FAP.
Dogs, rats and mice were briefly (15 - 50 min) exposed to O, 1.5 or 2.8 nm particles at
concentrations ranging from 1 to 100 mg/m®. Compared to dogs, the rats and mice demonstrated
arapid clearance from the pulmonary region, mainly due to the clearance of particlesto the
gastrointestinal tract. The dogs cleared deposited particles at a Slower rate, with most of the
long-term clearance going to the lung-associated lymph nodes (LALN). The long-
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term overall aveolar clearance half-times were approximately 460, 690 and 2300 days in mice,
rats and dogs, respectively. The pulmonary clearance rate in dogs was 3.3 to 5 times slower than
in rats and mice. The authors refer to evidence of retention and deposition patterns in humans
being close to those in dogs but not to those in rats or mice. Clearanceto LALNsis aso known
to occur in humans; however, the fraction of deposited pulmonary particles cleared to this
compartment is not known.

Bohning et al. (1982) and Bailey et al. (1982) estimated clearance of larger particles ( 1.2 to 3.9
nm) in humans after the first day following acute exposure. Normal lung clearance was found to
occur at two rates: one with a half-time of 20 to 30 days and the other with a half-time of 300 to
420 days. Approximately 60 to 88% of the retained particles were cleared viathe sow phase.
Bohning et al. (1982) also investigated lung clearance of larger particles (1.2 and 3.6 mm) in
individuals exhibiting impaired lung clearance. Twenty-five volunteers were evaluated: 5 healthy
non-smokers; 6 healthy ex-smokers; 8 smokers; and 6 individuals with chronic obstructive lung
disease (COLD). The healthy non-smokers and ex-smokers exhibited normal clearance rates, one
with a half time of 30 + 23 days and one with a half time of 296 + 98 days. Smokers exhibited a
suppression of the more rapid clearance rate and increased the half-time of the slower clearance
rate by 14.7 + 3.0 days per pack-year of smoking. Individuals with COLD exhibited significantly
larger clearance half-times (660 + 432 days) for the slower clearance rate.

3.22 EFFECT OF CHRONIC EXPOSURE

Accumulated lung burdens of particles chronically inhaled represent a balance between the
deposited particles minus those cleared (Wolff et al., 1986). The percent retention following high
levels of exposure to diesel exhaust (> 3.5 mg/m?’) is 2 to 3 fold greater than following low level
exposures (< 1 mg/m®). This observation suggests that at higher exposure concentrations,
alterationsin either deposition or clearance of diesel particles occurs. Based on the available data,
impaired clearance appears to be predominantly responsible since deposition rates do not change
significantly with dose level (Wolff et al., 1987 see Table 3.1).

Repeated exposure to sufficiently high concentrations of particles appears to result in excessive
particulate loading of the macrophages. Particle-laden macrophages lose some of their mobility
and phagocytic activity, resulting in sluggish transport of particles from the lungs (Lee et al .,
1987). In experimenta animals, when the ability of alveolar macrophages to engulf and remove
particles from the lung is exceeded by the continued deposition of particles, the macrophage lung
clearance mechanisms are considered to be overloaded. At this stage, further increasesin lung
burden do not lead to an increase in clearance. Ballew et al. (1995) examined an epidemiological
study by Smith et al. (1984) of 170 workers exposed to working conditions containing silicon
carbide particulates. Using goodness-of-fit as a guide for choosing an appropriate model, these
authors found that the data implied that a slow rate of clearance rather than an overload occurred
in these workers. However, differences in goodness of fit between alternative models was small,
so the evidence does not definitively show an absence of an overload effect in these workers.
Severa groups of investigators have examined the effects of repeated particle exposure on lung
clearance (Griffis et al., 1983; Chan et al., 1984; Heinrich et al., 1986a; Wolff et al., 1986, 1987,

34
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Leeet al., 1987; Lewis, 1986; Strom, 1989; Strom et al., 1988). Oberdorster (1995) reported
that lung clearance isimpaired in experimenta animals when the particle burden reaches a volume
of 1 nL/g of lung. Two informative studies will be discussed in detail in the following paragraph
(Chan et al., 1984; Wolff et al., 1987). Those studies and the remaining chronic studies are
summarized in Table 3.3.

Chan et al. (1984) conducted an extensive study of the effects of prolonged exposure to diesel
exhaust particles on pulmonary retention. Male Fischer 344 rats were first exposed to clean air,
0.25 or 6 mg/m> diesel exhaust for 20 hours/day, 7 days/week for periods varying from 7 to 112
days, followed by anose-only exposure to **C-tagged diesel particles for 45 min. At preselected
time intervals up to 1 year after the radiolabel exposure, the**C-activity in the lung was measured
to estimate lung retention. The lung retention data, expressed as a percentage of the initial lung
deposition, are an indirect measurement of the overall clearance of particles from the lungs. The
pulmonary retention was greater in animals which had been pre-exposed to diesel exhaust. This
was described using a late phase residual component in the lung retention model. The late phase
was attributed to sequestered macrophage aggregates having essentially so little mobility that their
clearance half-times would exceed the normal lifespan of the animals. The late phase was
estimated to represent 7, 13.3, 18, 45.5 and 88% of the initial “*C-tagged particle deposition for
animals with lung burdens of 0.2, 0.5, 0.7, 6.5 and 11.8 mg, respectively. The proportion of
particles retained in the late phase appeared to depend on the lung particle burden in an
approximately linear manner. In other words, residua lung retention increased linearly with
increasing lung particle burden.

With lung burdens less than 0.7 mg a component of aveolar clearance occurred at nearly the
normal rate. In essence, this“normal” clearance was maintained by a sufficient number of clean
macrophages at the early stages of the particle sequestering process. As the number and size of
the macrophage aggregates increase, reduced mobility was apparent with more active
macrophages becoming attached to the aggregates and becoming immobilized. At alung burden
of 6.5 mg, increased lung retention was attributed to both the sequestering of particles by
aggregated macrophages and a significantly slower active alveolar clearance. At the highest lung
burden, 11.8 mg, normal particle transport mechanisms were apparently eliminated.

The lung burden of 0.7 mg was produced by exposure to 6 mg/m? for 20 hours/day for only 7
days. Exposureto 0.25 mg/m?, 20 hours/day for 112 days (i.e. 16 weeks) produced lung burdens
of 0.5 mg and resulted in a 7% residual component. It is possible that under continuous, chronic
exposure even lower air levels could produce similar lung burdens.

Severd years later Wolff et al. (1986, 1987) conducted detailed studies which also evaluated the
effect of chronic exposure on lung burden and lung clearance. The exposure durations were
conducted for amuch longer period of time than in the study of Chan et al. (1984) (i.e. 720 - 900
daysvs7 - 112 days). Wolff and co-workers exposed Fischer 344 ratsto clean air, 0.35, 3.5 or
7.0 mg/m?® diesal exhaust 7 hours/day, 5 days/week for 30 months. Particle clearance was
evaluated using three different measurements. (1) Tracheal mucociliary clearance was measured
as an indicator of effects on rapid clearance (half-time in hours) from the ciliated airways.
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Tracheal mucociliary clearance measurements were made 3 weeks prior to and at 6, 12, 18, 24,
and 30 months of exposure using *™Tc-macroaggregated albumin which wasinstilled onto the
epithelium of the lower trachea. The percentage of material retained at the origina ingtillation site
at 60 min was calculated to provide an indicator of tracheal clearance. (2) Clearance of inhaled
particles with a short-lived radiolabel (*’Ga) was used to estimate the normal long-term clearance
(intermediate phase with a half-time in days to weeks). Radioactivity levels from ®’Gawere
measured at 0.5 hr and 1, 4, 8, 12, and 16 days after radiolabel exposure. (3) Clearance of
particles with along-lived radiolabel (***Cs) was measured after 24 months of diesel exposure to
evaluate late phase (half-times in months to years) clearance. Radioactivity levels from™**Cs were
measured at 0.5 hr, and 3, 6, 10, 13, 18, 26, 110, 137, 164, and 194 days after radiolabel
exposure.

Lung burdens of diesel exhaust particles a al levels showed a progressive increase with time.
Lung burdens in the 3.5 and 7.0 mg/m® groups increased by 5- to 11-fold from 6 to 24 months of
exhaust exposure while those of the 0.35 mg/m® group increased only 2.5-fold over the same
period. The lung burdens were 0.6, 11.5 and 20.5 mg following 24 months of exposure at 0.35,
3.5 and 7.0 mg/m®, respectively.

No significant differences were observed in the retention indicator of early clearance at any
exposure time in any exposure group. There were exposure-related increases of intermediate
clearance half-timesin the 3.5 and 7 mg/m® exposure groups. Significantly longer intermediate
clearance half-times were seen as early as 6 months in the 7.0 mg/m?® group and at 18 monthsin
the 3.5 mg/m® group. No significant changes were seen in the 0.35 mg/m® group. Significantly
longer long-term clearance half-times were observed in the 3.5 and 7.0 mg/m?® groups (240 - 264
days vs 79 days in controls). No significant changes were noted in the 0.35 mg/m® group (long-
term clearance haf-time of 81 days).

The pattern of clearance impairment was qualitatively in agreement with the observed lung
burdens of diesel exhaust particles. According to the authors, for the 3.5 and 7.0 mg/m® groups, a
reasonable approximation of the data could be made if pulmonary clearance remained normal for
9 months and then there was arapid linear transition by 12 months to sequestering or
nonclearance of particles (Wolff et al., 1987). Complete or near compl ete cessation of clearance
was required to fit the observed data past 12 months. This sequestering response would mean
that, after 12 months, pulmonary clearance half-times of diesel exhaust particles would approach
infinity and certainly be much greater than the 240 to 260 day half-time observed for the ***Cs
tracer particles. Clearance half-times of nearly 500 days or more for pulmonary clearance of **C-
diesdl particles can be estimated for lung burdens of > 11.8 mg based on data from Chan et al.
(1984). It is possible that the half-times for diesel exhaust particle clearance are underpredicted
by *¥*Cs particles. This could be the result of differences in particle size (2 mm vs 0.25 rm) and
composition. It isalso possible that the clearance observation time of 194 days was not long
enough to predict rate of clearance of material which might have resided in the lung for as long as
2 years.
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Wolff et al. (1986) reviewed the available data regarding lung retention of diesel particles and
suggested that there may be thresholds of chronic diesel exposure in rats below which lung
clearance and lung burden accumulations are normal or near normal. Above that threshold, lung
clearance haf-time generally increases with increasing lung burden. Asindicated by the data
above, impairments in clearance at high exposure concentrations are substantial and have
suggested the incorporation of “sequestered” compartments in mathematical models of diesel
particle clearance to account for the observed increases in lung burdens with long-term exposures.
A sequestered compartment is consistent with the histopathological observations of numerous foci
of particle-laden macrophages within areas of interstitial fibrosis.

Experimental studiesin animals pre-exposed to carbon black particles suggest that the effect on
lung clearance is primarily due to a particle effect (Lee et al., 1987; Strom, 1989). Exposure to
high doses of carbon black increased lung retention of diesel-exhaust test particlesin the same
way that exposure to diesel exhaust at comparable particul ate concentrations and duration did
(Leeet al., 1987). Morrow (1988) used Fischer 344 rats to examine the possible mechanisms of
particle overloading in the lung. Particle overloading was represented by a progressive reduction
of particle clearance from the deep lung. Based on the study results, the author hypothesized that
the breakdown in alveolar macrophage (AM)-mediated particle removal was due to the loss of
AM mobility. Theinability of the particle-laden AMs to translocate to the mucociliary escalator
was correlated with an average composite particle volume per AM in the lung. When the particle
volume exceeded approximately 60 nm*/AM the overload effect was initiated. When the
distributed particle volume exceeded approximately 600 mm*/AM it appears that AM mediated
particle clearance virtually ceases and aggregated particle-laden macrophages remain sequestered
in the alveolar region. With chronic particle exposure, the increase in lung burden resultsin a
progressive increase in the immobilized AM population, up to a burden at which virtualy al AM-
mediated clearance ceases. The heavily burdened macrophages may lyse in the alveoli and release
the particles and cellular components which may injure type | cells and provoke proliferation of
type Il cells and further reduce the clearance by alveolar macrophages (White and Garg, 1981).
Morrow (1988) emphasized that lung overloading per se does not depend upon the inherent
chronic toxicity of the investigated particle. Whether the particle is tumorigenic, fibrogenic, or
completely benign, dust overloading superimposes its actions of modifying both the dosimetry and
the toxicological effects of the particles.

3.2.3. EXTRAPOLATION OF LUNG CLEARANCE ACROSS SPECIES

Although deposition efficiencies of airborne particles in the respiratory tract do not seem to vary
much across species, the rate of clearance beyond the first day of exposure exhibits significant
species differences. Based on the limited data available, the species clearance rates of small
particles, such asthose in diesel exhaust, from the lung appear to be (in order of fastest to
dowest): hamster > mouse/rat > guinea pig/dog/human (Heinrich et al., 1986a; Lee et al., 1983;
Pepelko, 1987; Oberdorster and Pott, 1986; Snipes et al., 1983). Differencesin aveolar
clearance rates are of prime importance for estimating the bioavailable dose from inhaled particles
when extrapolating from one species to another. The potential magnitude of the dose
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adjustment required when extrapolating to humans has been inferred by several of these
investigators (Snipes et al., 1983; Oberdorster and Pott, 1986; Pepelko, 1987).

Oberdorster and Pott (1986) used model calculations to predict the deposition and retention of
the small particles in environmenta tobacco smoke (ETS, MMAD 0.2 nm) at an air concentration
of 0.13 mg/m®. Predictions of mass deposition rates per airway surface areawere equal in rats
and humans in the terminal bronchi but the rates for rats were up to 2-fold higher in other more
proximal and more distal airways. Cadmium, a trace contaminant of ETS particles, was utilized
to indicate accumulation. At equilibrium (when the amount deposited daily equals the amount
being cleared from the lung) the amount accumulated per gram of lung was 4-fold greater in
humans than in rats. The rate of approach to equilibrium was much slower in humans than in rats.
Equilibrium was reached after approximately 10 years in humansvs 1 year in rats.

Pepelko (1987) examined the feasibility of dose adjustment based on differencesin long-term
clearance rates of inhaled particles in humans and laboratory animals. After evaluating the
available literature, Pepelko suggested that when particles exhibit dissolution half-times of greater
than 1 to 2 months (e.g. insoluble particles) atwo to three-fold upward adjustment of retained
lung burden dose should be considered when extrapolating from mice, rats and hamsters to
humans for quantitative risk assessment. This adjustment factor is dightly lower than the
approximate four-fold factor suggested by the results of Snipes et al. (1983) and Oberdorster and
Pott (1986).

3.24. MATHEMATICAL MODELSFOR RETENTION

Stober et al. (1989) proposed a model for the estimation of lung burden following long-term
inhalation of particulates at high doses, leading to overload. Ina physiology-oriented
compartmental kinetic (POCK) model they took into account particle deposition rates,
macrophage phagocytosis, and mucociliary clearance. The model contains 3 major
compartments: lung, tracheobronchial tract, and lymphatic system. The lung compartment is
divided into 3 smaller compartments. Alveolar surface, macrophage pool, and interstitium. One
aspect of the model isits consideration of the central role of the macrophage in particle retention
through phagocytosis and subsequent mobilization. As the lung burden increases above certain
critical levels, the mobility of the active macrophage is retarded (Stober et al., 1990b). Initial
simulations using this model indicated a high degree of compliance with empirical data (Stober et
al., 1990a). Further comparisons with experimental bronchoalveolar lavage data allowed for
refinement of the POCK model through replacement of an average macrophage load value with a
macrophage load distribution (Stéber and Koch, 1991). More recently Stober and Mauderly,
(1994) also took into account lymph node saturation at high doses. The models were based on
empirical datafrom various rat studies showing positive incidences of lung tumorsin rats exposed
to diesel exhaust. Although this model does not attempt to estimate lung burden at low
concentrations, it is effective at modeling the kinetics of diesel particulate deposition and
clearance at moderate and high diesel-particle concentrations.
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A three-compartment model for diesel particle deposition and clearance has been developed by

Y u and Y oon (1990) and includes parameters for estimation of inhaled particle transport from the
lung into the blood, lymphatics and gastrointestinal tract. In addition, the Y u and Y oon model
takes into account retardation of the mucociliary clearance mechanisms of the lung due to particle
overload. The model mathematically describes the flow of the 3 particle components (carbon
core, weakly-bound organics, and strongly-bound organics) among the compartments: lung,
blood, lymphatics, and gastrointestinal tract.

3.3 PARTICLE ASSOCIATED ORGANIC COMPOUNDS
3.3.1 CLEARANCE OF PARTICLE ASSOCIATED ORGANICSFROM THE LUNG

Previous instillation studies found that tumor incidence from polycyclic aromatic hydrocarbons
(PAHSs), such as benzo(a)pyrene (BaP), increased when these compounds were associated with
particles with prolonged retention (Henry and Kaufman, 1973; Sellakumar et al., 1976). Organic
compounds generally account for 15-65% of the total particle massin diesel exhaust (Cuddihy et
al., 1984). Most organic compounds are relatively soluble in the lungs and can be cleared by
direct absorption through the pulmonary epithelium into the blood (Sun et al., 1988). In contrast,
deep lung clearance of relatively insoluble particles, such as diesdl exhaust particles which carry
adsorbed organics, depends primarily on the phagocytic activity of pulmonary macrophages.

At least four major classes of organic compounds are found associated with particles in exhaust
(Sun et al., 1988):

1) aliphatic hydrocarbons and their oxidation products;

2) aromatic compounds, and their oxidation products;

3) alkyl-substituted aromatic compounds and their oxidation products; and

4) nitroaromatic compounds.

Among the organic compounds listed above, the most commonly studied ones are the nitro-
PAHSs, such as nitropyrene (NP) and the unsubstituted PAHSs, such as BaP.

Factors influencing the bioavailability of adsorbed organics from diesel particlesinclude: (1) the
surface structure of the particle, (2) the composition of the adsorbed organic compounds, (3) the
composition of the extracellular and intracellular fluids, (4) the balance of the molecular binding
forces between the particle and the adsorbed organic molecules, and the particle and the
extracting biologic fluids, and (5) the metabolism of the desorbed chemica (Gerde et al., 1991).
The binding energies of the vapor to the particle probably determine the extent of bioavailability.

A series of experiments have been carried out at the Inhalation Toxicology Research Institute
(ITRI) in Albuquerque, NM to evauate the fate of inhaled 1-NP and BaP when adsorbed on
gallium oxide or diesdl exhaust particles as compared to the inhaled pure compound following
acute exposure (Sun et al., 1982, 1983, 1984, 1988). Particles carrying adsorbed organic
compounds deposit in the respiratory tract of rats by the same mechanisms as particles without
adsorbed compounds. Inhaled aerosols of BaP or 1-NP alone, BaP or 1-NP adsorbed onto diesel
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exhaust or gallium oxide particles deposit along the respiratory tract in about the same pattern as
uncoated diesel exhaust or gallium oxide particles alone (Sun et al., 1988). Mucociliary clearance
of particlesin the ciliated airways and absorption into the blood of lipid soluble organics can
rapidly clear materia from the lungs; so it can be difficult to distinguish between the two
mechanisms experimentally. However, studiesin rats treated with radiolabeled pure organic
aerosols or with the same radiol abeled organic compound adsorbed onto inorganic particles have
shown that little radioactivity can be detected in the stomach following exposure to pure organic
aerosols, but that substantial amounts of particle-associated radiolabeled organic material are
detected in the stomach (Sun et al., 1982, 1983, 1984, 1988). It appears that the pure organic
compounds deposited in the lung clear primarily by absorption through the respiratory epithelium
into the blood. Particle-associated organic compounds clear by different routes (e.g.
gastrointestinal tract), thereby exposing different tissues of the body.

Particle-associated organic compounds clear the upper respiratory tract (short-term phase)
approximately as fast as pure organic aerosols (Sun et al., 1982, 1983, 1988). However, the late
phase clearance rates of particle-associated organic compounds are longer than for inhaled pure
organic compounds. The cause is presumed to be the tenacity with which the organic materia is
bound to the more slowly cleared “carrier” particles (Sun et al., 1988).

The lung retention/clearance curves from the avail able studies were summarized by Wolff et al.
(1986) and Sun et al. (1988). One should note that these curves are based on acute exposure
studies. Repeated, long-term exposure studies have not been conducted.

In the alveolar region the long-term retention of *H-BaP adsorbed on diesel particles was
approximately 230-fold greater than that of the pure ®H-BaP aerosol (Sun et al., 1984). Exposure
of rats to ®H-BaP associated with gallium oxide (Ga,0s) particles showed a 3 to 4-fold increase in
the lung retention of *H-BaP compared to pure *H-BaP aerosol (Sun et al., 1982). Lung
retention of *H-BaP/diesal exhaust particle was substantially greater than the inhaled *H-
BaP/gallium oxide particle. This suggests that the composition of the carrier particle has an effect
on the rate of lung clearance of *H-BaP. The lung retention of gallium oxide and diesel exhaust
particles are relatively similar (see above subsection and Table 3.1 and 3.2). Therate limiting step
of lung clearance of inhaled particle-associated *H-BaP may be the rate at which °H-BaP is
removed from the carrier particle prior to lung clearance of the particle (Sun et al., 1984). It must
be pointed out that different air concentrations of BaP were utilized in the different studies.
Whether this affected the lung clearance rate is not known.

L ong-term retention of **C-1-NP adsorbed on diesel particles was approximately 80-fold greater
than that of pure*C-1-NP aerosols (Bond et al., 1986¢). Aswith *H-BaP, lung retention of **C-
1-NP/diesel exhaust particle was greater than the inhaled **C-1-NP/gallium oxide particle
retention, although the difference was not as large.

Datafrom Sun and McClellan (1984) further supports the findings that particle-associated
organics are cleared more slowly from the lungs than are pure organic aerosols. Radiolabeled
(**C) diesdl fuel was used to generate exhaust in which the magjority of the'*C was with the
organic compounds associated with the carbonaceous core particles. The radiolabeled exhaust
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particles were intratracheally instilled into rats and the lung clearance of *“C was measured. For
comparison an extract of the radiolabeled organics from the exhaust particles was also instilled
into the lungs of rats. These particle-free organic compounds cleared much faster than the
particle-associated organic compounds. The distribution and kinetics of the particle-associated
organics in organs other than the lungs was largely unchanged. Some release of particle-
associated 1-NP and BaP apparently did take place since the retention of these compounds,
though prolonged, was less than that of the diesel particles themselves.

The available evidence suggests that the effect of adsorption on diesel particlesis to prolong the
retention in the lung. This retention appears to be governed, at least in part, by factors related to
the binding of the organic material to the particles.

3.3.2 ABSORPTION FROM THE GASTROINTESTINAL TRACT FOLLOWING
PARTICLE TRANSLOCATION

During the rapid phase of clearance particles are trandocated from the lungs to the
gastrointestinal tract (see Section 3.2). Particle-associated organic compounds could potentially
be absorbed into the body from the gastrointestinal tract following inhalation exposure.

To date, only one study has examined the gastrointestinal absorption of organics, specifically
nitropyrene (NP), bound to diesel exhaust particles (Bond et al., 1986¢). Rats were administered
YC-NP in three different modes: 1) “*C-NP suspended in saline administered orally (10 ng/kg); 2)
C-NP suspended in saline administered by intravenous (i.v.) injection (10 my/kg); and 3) “*C-NP
coated on diesel exhaust particles administered orally (10 ng NP/kg). Urine and fecal excretion
were monitored to determine the amount of absorption.

Gastrointestinal absorption of **C-NP and **C-NP coated on diesel exhaust particles was
approximately 90%, suggesting that **C-NP deposited in the upper respiratory tract and cleared to
the gastrointestinal tract will largely be absorbed into the body. A fairly large percentage (40%)
of the absorbed **C-NP was metabolized in the liver, eiminated in the bile and was not reabsorbed
but was excreted in the feces (Bond et al., 1986c).

3.3.3 METABOLISM OF PARTICLE-ASSOCIATED ORGANICS

Sun et al. (1988) has reviewed the metabolism of particle-associated compounds in automotive
exhaust. The following section is, in large part, based on this comprehensive review. Many
investigators believe that diesdl particulate matter does not require metabolic activation for
mutagenic activity. However, other studies have shown mutagenic effects with and without
activation. See Section 5 for additional information.

Mixed-function oxygenases (MFO) are responsible for some of the metabolic conversion of
procarcinogens including some PAHs. The MFO system is NADPH-dependent and catalyzes the
incorporation of molecular oxygen into substrate molecules. Some relevant classes of
procarcinogens which are adsorbed on airborne particles include PAHS, nitro-PAHS, aromatic
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amines, nitrosamines, and N- or S-containing heterocycles. PAHs can be enzymatically converted
to epoxide intermediates, which can spontaneously rearrange to phenols and then be converted
enzymatically to trans-dihydrodiols via epoxide hydrolase. The trans-dihydrodiols may be reduced
back to the parent compound via epoxide reductase, be conjugated nonenzymatically with
glutathione or enzymatically conjugated via glutathione S-epoxide transferase, or react directly
with cellular macromolecules. Alternatively, trans-dihydrodiols may be further oxidized to the
diol epoxides which also react with cellular macromolecules. Sun et al. (1988) describe the
major known metabolic pathways of BaP, awell studied PAH.

The metabolic activation of nitro-PAHSs has been shown to involve nitroreduction, nitroaromatic
ring-oxidation, N-hydroxyarylamine O-acetylation, or in some instances, a combination of all
three pathways (Widlocki et al. 1986; Williams and Lewtas, 1985; Lewtas and Williams, 1986).
Studies with nitroreductase-deficient strains of Salmonella typhimurium showed a substantial
reduction in the mutagenicity, suggesting that nitrated compounds account for a significant
portion of the mutagenic activity in the Amestest (Lewtas and Williams, 1986). Deconjugation
and nitroreduction of nitro-PAHSs has been shown to occur within the microflora of the lower
intestinal tract (Ohnishi et al., 1986; Moller et al., 1987, 1989; Ball and King, 1985a,b; Ayres et
al., 1985). Because of its nitro-reduction and conjugate-hydrolyzing activity, the gut microflora
makes the first-pass biliary metabolites available for enterohepatic circulation (Ball and King,
1985a,b). Studies utilizing normal and antibiotic-treated rats found that abolition of gut
microflora metabolism by antibiotic treatment significantly decreased the amount of
macromolecular covalent binding of nitropyrene and its metabolitesin tissue (Ayres et al., 1985).
The metabolic activity of the gut florais of special interest in light of the fact that alarge
percentage of inhaled diesel exhaust particulate is trandocated to the intestinal tract. Sun et al.
(1988) also presented some of the metabolic pathways for nitropyrene (NP), atypical nitro-PAH.

Aromatic amines, like nitro-PAHSs, can be metabolized to N-hydroxyl intermediates. Nitrosamines
are metabolized to unstable hydroxyl (gamma) carbon compounds that decompose to highly
electrophilic N-monoalkylnitrosamines. Sun et al. (1988) present some of the known metabolic
pathways for aminopyrene, atypical aromatic amine.

Biological activation of procarcinogens can occur in avariety of tissues. With few exceptions, the
quantity of metabolites formed by lung tissue isless than that by the liver. However, since the
respiratory tract is directly exposed to particle-associated carcinogens, metabolic activation by
respiratory tract tissues may have an important role in the pathogenesis of carcinogen-induced
lesions in these tissues. In vitro and in vivo studies indicate that nasal tissue can metabolize some
particle-associated organic compounds to phenols, quinones, dihydrodiols and tetrols (Sun et al.,
1988). Bronchia metabolism studies suggest that bronchia tissue in vitro is capable of
metabolizing BaP to several compounds (e.g. phenols, quinones, and dihydrodiols) which can bind
to DNA (See original references cited in Sun et al., 1988). Studies on tracheal metabolism are
not as extensive; however they also suggest that tracheal tissue in culture is capable of
metabolizing BaP to oxidative and conjugated metabolites which covalently bind to tracheal

DNA.
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Based on studies utilizing lung homogenates, perfused lungs, lung dlices, and cultured type 1
alveolar cells, BaP and other PAHSs are readily metabolized by lung tissue (Sun et al., 1988). The
lung tissue systems listed above produced a variety of metabolites, including intermediates capable
of covaently binding to DNA. In addition to the in vitro lung tissue systems, severa studies have
confirmed metabolism of BaP and NP in vivo following inhalation exposure (Bond et al., 1986b;
1986¢; Sun et al., 1984). Metabolism of BaP and NP associated with diesel exhaust particles or
in pure form was evaluated. The results demonstrated that lung tissue is capable of metabolizing
(i.e. oxidizing, reducing and conjugating) BaP and NP in pure form or as constituents of diesel
exhaust particles. In the case of BaP coated on diesel exhaust particles, metabolites were also
detected in the lungs up to 20 days after a1 hour exposure, although the total quantity of
metabolites was considerably reduced compared to NP. The observation that lungs can
metabolize BaP and NP to oxidized products suggests that during the formation of these
metabolites, reactive intermediates are formed. Reactive intermediates could potentially bind to
DNA, RNA and protein of lung tissue.

To study the factors affecting bioavailability of particle-associated PAHS, Leung et al. (1988)
studied the ability of lung microsomes to facilitate transfer of BaP adsorbed on the surface of
diesal exhaust particles to the microsomes, and the ability of the microsomes to metabolize the
transferred BaP. The results from this study indicated that rat lung and liver microsomes were
able to facilitate the transfer of a small fraction (< 3%) of the BaP from diesel exhaust particles,
and that only a small percentage of the amount transferred was metabolized. Lung microsomes
were about twice as effective as liver microsomes for the transfer of BaP. The ability to transfer
BaP to the microsomes was independent of metabolism or the presence of protein, but was related
to the lipid content of the microsomal fraction. There did not appear to be any metabolism of the
BaP which remained coated on the diesel exhaust particles. Some particles deposited in lungs are
phagocytized by macrophages. Some of the macrophages with engulfed particles remain in the
lung for extended periods of time and slow release of organic compounds and their metabolites
from these macrophages would subject surrounding tissue to extended exposure to potentially
toxic or carcinogenic metabolites.

The metabolism of PAHSs has been studied in the pulmonary macrophages of humans and of
laboratory animals (Sun et al., 1988; Bond et al., 1984). BaP was commonly utilized as a model
compound in these studies. Although the amount metabolized per unit of incubation time (i.e.
metabolic rate) was low, the results indicated that macrophages can activate BaP and
dimethylbenz[ a]anthracene (DMBA) to reactive intermediates. The macrophages aso released
these metabolites into the surrounding medium which in vivo would result in exposure to the
surrounding respiratory tract tissue. The metabolites formed from the pulmonary macrophage
metabolism of particle associated BaP were not different from those observed for metabolism of
the pure compound alone (Bond et al., 1984).

3.3.3.1 EFFECT OF PARTICLE PRE-EXPOSURE ON LUNG METABOLISM OF
ORGANICS

Warshawsky and coworkers (1978, 1983, 1984 as cited by Sun et al., 1988) showed that the
presence of particulate matter in the perfused lung can enhance the metabolic activation of BaP.
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In particular they found that the levels of dihydrodiols were higher in the lungs from animals pre-
exposed in vivo to particles than in animals that had not recelved particle preloading. Bond et al.
(1985) examined the effect of pre-exposure to diesel exhaust particles on 1-NP metabolism in the
whole animal. Rats were exposed to 0.35, 3.3 or 7.4 mg/m® of the particles for 7 hour/day, 5
day/week, for 4 weeks. After exposure, nasal and lung tissues were assessed for **C-1-NP
metabolizing ability. Exposureto 7.4 mg/m® resulted in asignificant increase (approximately
twofold) in rates of NP metabolism in both nasal and lung tissues. Lower exposure
concentrations did not significantly affect NP metabolism rates. A fourfold increase in the amount
of *C covaently bound in the lung was also observed in the 7.4 mg/m® group.

Cantrell et al. (1981) aso examined the effect of diesel exhaust exposure on the in vivo
metabolism of BaP. Mice exposed to diesel exhaust and unexposed mice were intratracheally
instilled with ®*H-BaP. Tissue radioactivity was determined 2, 24 and 168 hours (i.e. 7 days)
later. The mice exposed to diesal exhaust appeared to have less free BaP in tissues, suggesting an
induction of the enzymes for primary metabolism of polycyclic aromatic hydrocarbons. The
group exposed to diesel exhaust and the unexposed group were both capable of clearing the
bound radioactivity. However, there was a significantly higher amount of residual BaP in the
lungs of the group exposed to diesel exhaust compared to the group of nonexposed animals at the
168 hour determination. The authors suggested that the higher proportion of BaP in diesel-
exhaust exposed animals was due to the adsorption of BaP on particles.

Wolff et al. (1986) investigated the effect of pretreatment with diesel exhaust particul ate extracts
on the lung metabolism of 1-NP, BaP, and a mixture of DNP and 1,3,6-tri-NPin mice. The
covalent binding to lung DNA was increased for all compounds by pretreatment, with the largest
increase being greater than 2-fold for BaP.

3.34 DISTRIBUTION AND ELIMINATION OF PARTICLE-ASSOCIATED
ORGANICS

The distribution and elimination of diesel particle-associated organics, specificaly BaP and NP,
have been investigated in several studies (Sun et al., 1982, 1983, 1984; Bond et al., 1986c; Lee et
al., 1983). Clearance rates of radiolabeled pure compounds compared to compounds adsorbed
onto particles suggested that a substantial amount of the particul ate-associated organics cleared
from the lungs by mucociliary clearance entered the blood from the gastrointestinal tract, whereas
the maority of each of the pure organics cleared by direct absorption into the blood. The ultimate
fate of the majority of each of the radiolabeled organics and their metabolites was excretion in
feces. However, it appeared that the clearance of particle-associated organics by ingestion
resulted in an increased dose to the stomach, liver, and kidneys when compared to exposure to the
pure compound.

The organ which exhibited the greatest difference in radiolabel concentration was the lung (Bond
et al., 1986¢). Within 1 hour after exposure the lung from animals exposed to diesel particul ate-
associated *C-NP contained nearly 5 times more radiolabel than lungs from rats exposed to pure
“C-NP aerosol. This difference was increased to 80-fold by 94 hours after exposure.
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A variety of methods have been utilized to evaluate the elimination of diesel exhaust particles
(Chan et al., 1981; Bond et al., 1986b; 1986¢; Sun et al., 1983, 1984). Approximately 35 to
40% of theinitia lung deposition was excreted in the feces during the first few days after
exposure. This observation demonstrates the removal of diesel exhaust particles by mucociliary
clearance in the upper airways and subsequent passage through the gastrointestinal tract. Fecal
excretion was the major route of elimination, with approximately 2 times more excreted by this
route than by the urinary route. Preliminary work with**C-NP bound to exhaust particles by
Bond et al. (1986b; 1986¢) has indicated that no**C was exhaed as**CO, or unmetabolized *C-
NP.

34 BIOMARKERSASSOCIATED WITH DIESEL EXHAUST EXPOSURE

Kanoh et al. (1993) investigated the potentia use of urinary 1-hydroxypyrene (1-HP), a
metabolite of pyrene, as a biomarker for exposure to PAHs in diesel exhaust. Rats were exposed
to diesel exhaust containing particul ate matter at a concentration of 4.2 mg/m® for 8 weeks. 1-HP
levelsin 24-hour urine collections were then determined at 2, 4 and 8 weeks post-exposure.
Urinary 1-HP levels were significantly increased in the diesdl exhaust-exposed group compared to
controls (2.4- and 5.6-fold at 2 and 4 weeks postexposure, respectively).

The use of an immunoassay procedure for determining urinary PAH and nitro-PAH content as a
biomarker for exposure to diesel exhaust was developed by Scheepers et al. (1994). Totd
suspended particulate matter was sampled in 2 locationsin a diesel locomotive repair shop. The
1-nitropyrene (1-NP) content was determined to vary from nondetectable to 5.6 ng/m®. Urine
samples from 3 diesel mechanics and 2 office clerks were then analyzed for 1-aminopyrene (1-AP;
arodent metabolite of 1-NP) using an 1-AP antibody binding assay. The cumulative and average
excretion of 1-AP was significantly increased in the diesel mechanics when compared to the office
clerk controls. These data strongly suggest that 1-AP may be useful as a biomarker of diesdl
exhaust exposure, and that nitroPAHs contained in diesel exhaust particulate matter may be
bioavailable in humans.

35 SUMMARY OF TOXICOKINETICS

The emissions from diesel engines consist of both gaseous and particulate fractions. Particlesin
diesel exhaust have carbon cores upon which as many as 18,000 different substances, including
organic compounds such as PAHSs, are adsorbed. The disposition of the inhaed particles and their
associated compounds is influenced by the processes of deposition, metabolism, distribution and
clearance in the body, particularly the lung.

The deposition of diesal particles or surrogate diesel particles has been studied in rats, guinea pigs
and dogs utilizing radiolabeled particles. Deposition of diesel exhaust in humans has been
mathematically modeled. The pulmonary deposition efficiency appears not to vary much across
the species studied thus far. In general, deposition efficiencies fal in the range of 12 to 20%.
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Various respiratory tract tissues have been shown to metabolize the particle associated
compounds, benzo(a)pyrene (BaP) and nitropyrene (NP). Further studies have demonstrated that
the presence of or pre-exposure to particulate matter can enhance the metabolism of BaP and NP.
Clearance of deposited particles is conveniently characterized in three phases. The short-term
phase represents a rapid removal of particles deposited in the tracheobronchia tree or in the
proximal respiratory bronchioles via the mucociliary escalator. The intermediate and late phase
involve the removal of particulate matter from the alveoli following engulfment by macrophages.
The intermediate phase occurs for normal removal, while the late phase occurs during impaired
removal.

Early clearance appears to be similar across the species studied and independent of dose or
exposure duration. Early clearance half-times generaly range from 3 to 6 hours.

Intermedi ate-phase clearance rates appear to vary depending on species, dose and duration of
exposure. Based on the limited data available on different species, the clearance rates of small
particles, such as diesel exhaust, from the lung appear to be (in order of fastest to slowest):
hamster > mouse/rat > guinea pig/dog/human. Lung clearance rates for mouse/rat are
approximately 4 times greater than those for humans/dogs.

Under acute exposure protocols which do not disrupt normal aveolar clearance, the clearance
half-times range from 40 to 80 days in the species studied to date (i.e. the rat). Repeated
exposure to diesel particles for more than one month results in increases in pulmonary clearance
half-times. Repeated exposure to sufficiently high concentrations results in excessive particulate
loading. Particle-laden macrophages exhibit decreased mobility and phagocytic activity resulting
in sluggish transport of particles from the lungs.
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Exposure Observations References
Nose-only exposure for 40-45 min. to radiolabeled Fischer 344 male Deposition in Lungs: Chan et al
diesel particulate (6 mg/m?). Used radioactive tracers 131Ba tracer - 15% (10% alveolar, 5% JAppl Toxicol

¥1Baand *“C. 14C-diesel particulate generated from

a Farymann single cylinder diesel engine using 2D

diesel fuel. **'Ba-diesal particulate generated by GM
5.7 liter engine using 2D fuel. (MMAD 0.1 - 0.15 nm)

Nose-only exposure to *C radiotagged diesel particles
(MMAD 0.12 mm). Exhaust generated by a Farymann

single cylinder diesel engine burning 2D fuel.

Exposed to 7 mg/m? for 45 min. or to 2 mg/m? for 140

min.

Nose-only exposure to ¢’Ga,0; (MMAD 0.1 nm) for
30 min. Air concentration not reported. Radioactivity
measured at 0.5 hr, and 1, 2, 4, 6, and 14 days after

exposure.

Deposition of *’Ga,0; (0.1 nm MMAD) and ***Cs-
fused aluminosilicate particles (MMAD 2.0 nm) was

measured following exposure to diesel exhaust (0,

0.35, 3.5 or 7 mg/m?®, 7 h/d, 5 d/iwk for periods up to

24 months). Diesel particul ates were generated by
Oldsmobile V-8, 5.7 liter engine.

Exposed to 6 mg/m® diesel exhaust or 7 mg/m?® carbon
black, 20 hr/d, 7 d/wk for 1 to 12 weeks. (MMAD for

exhaust 0.19 nm; carbon black 0.24 nm)

Fischer 344 male

Fischer 344 (SPF)

Fischer 344 rats

tracheobronchial)
14C tracer - 17% (11% alveolar, 6%
tracheobronchial)

Lung Deposition (tracheobronchial and alveolar):
2 mg/m? for 140 min. - 20%
7 mg/m? for 45 min. - 17%

Lung Deposition:
Nasopharyngeal - 9%
Bronchial - 5%
Pulmonary - 11%

Pulmonary deposition values were similar for all
exposure concentrations and at all time points.

Average deposition:

" Gay0y: B4CsFAP:
0 mg/m*: 9.2% 0 mg/m*: 6.6%
0.35 mg/m®: 12.6% 0.35 mg/m®: 7.7%

3.5 mg/m*: 11.6% 3.5 mg/m*: 5.4%

7 mg/m*: 10.7% 7 mg/m*: 8.1%
Authors stated that the lower deposition rate for
13*Cs-FAP was probably due to larger particle size.

Based on compartmental modeling alveolar
deposition was estimated to be 27% for diesel

1(2)77-82, 1981

Leeet al

JToxicol Environ
Health 12:801-813,
1983

Wolff et al
Ind Hyg Assoc J
45(6)377-381, 1984

Wolff et al
Fund Appl Tox
9:154-166,1987

Strom et al
JTox Env Hlth

exhaust particles and 15% for carbon black particles. 26:183-202, 1989
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Table 3-1. Lung Deposition of Diesel Exhaust or Related Particles (continued).

MAY 1998

Exposure Species Observations References
Nose-only exposure to **C radiotagged diesel particles Hartley male Lung Deposition - 20% Leeet al
(MMAD 0.12 nm). Exhaust generated by a Farymann guinea pigs JToxicol Env Hith
single cylinder diesel engine burning 2D fuel. 12:801-813, 1983
Exposed to 7 mg/m® for 45 min.
Nose-only exposure to *’Ga,0; aerosols (0.1 nmsize  Beagle dogs Total deposition: 33% Brooks et al
range) Nasopharyngeal region: 6% Env Int'l 5:263-267,
Tracheobronchial region: 6% 1981 and Wolff et al
Alveolar region: 21% JAerosol Sci 12:119-
129, 1981
Nose-only exposure to #’Ga,0; (MMAD 0.1 nm) for ~ Beagle dogs Total deposition: 39% Wolff et al
30 min. Air concentration not reported. Nasopharyngesal - 7% Ind Hyg Assoc J
Bronchial - 7% 45(6)377-381, 1984
Pulmonary - 25%
MMAD approx. 0.2 nm, geometric standard deviation Mathematical Calculated an alveolar deposition of 10 to 13%, Yu et al Hedlth
45 lung model under normal breathing conditions Effects Institute
(human) Research Report No.

10;3-27, 1987

3-18



MAY 1998

Table3-2.  Lung Clearance of Diesel Exhaust Particles Following Acute Exposure.
Exposure Species Observations References
Nose-only exposure to 6 mg/m® for 40-45 minto  Fischer male Two distinct clearance phases were observed: Chan et al
radiotagged diesel exhaust particulate. Utilized rats Phase 1 half-time - 1 day (95% Cl 0O - 2 days) JAppl Tox 1.77-
radiotracers *'Baand *C (MMAD 0.1 - 0.15 Phase 2 half-time - 62 days (95% CI 35 - 89 82, 1981
mm). Retention in the lungs was measured for up days).
to 105 days postexposure. 27% of theinitia lung burden remained in the

lungs at 105 days postexposure.
Nose-only exposure to radioactive “C-diesd Fischer 344 No significant difference in lung clearance was Leeet al
particles (MMAD 0.12 mm), 7 mg/m® for 45 min. malerats observed between the two exposure groups. Three J Toxicol Env HIth
or 2 mg/m’ for 140 min. Lung clearance was clearance phases were seen: 12:801-813, 1983
determined at various time intervals up to 1 year Phase 1 half-time - 1 day (tracheobronchial
postexposure. clearance)

Phase 2 half-time - 6 days (proximal respiratory

bronchiole clearance)

Phase 3 half-time - 80 days (alveolar clearance)
Nose-only exposure to radioactive “C-diesal Hartley male Very little clearance was observed from day 10to Leeet al
particles (MMAD 0.12 nm), 7 mg/m® for 45 min.  guineapigs day 432 postexposure. Only a half-timeforthe ~ JToxicol Env HIth

Lung clearance was determined at various time
intervals up to 1 year postexposure.

rapid clearance phase could be estimated (1 - 2
days).

12:801-813, 1983.
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Table3-3.  Lung Clearance Following Chronic and Subchronic Exposureto Diesel Exhaust by Inhalation.

Exposure Species Observations References
Exposed for 7 h/d, 5 d/wk for 18 weeksto 0.15, Fischer 344  Long term clearance half-times: Griffiset al
0.94 or 4.1 mg/m’ diesdl exhaust particles. Lung  rats 0.15 mg/m’ - 87 days Fund Appl Tox
burden was determined at 1 day and 1, 5, 33, and 0.94 mg/m3 - 99 days 3:99-103, 1983
52 weeks after termination of exposure. 41 mg/m3 - 165 days (p<0.0001)

No control group or baseline clearance values were

reported.
Following exposure to 0, 0.25 or 6 mg/m3 diesd Fischer 344  Lung burden and overall alveolar clearance half-times  Chan et al
exhaust particlesfor 20 h/d, 7 d/wk for upto 112 malerats (i.e. includes sequestered fraction): Fund Appl
days, animals were exposed, nose-only, to **C- 0 mg/m’ - 0 and 77 days Toxicol 4:624-
tagged diesdl particles for 45 min. (MMAD 0.17 0.25 mg/m? for 52 days - 0.2 mg and 90 days 631, 1984

mm). Radioactivity was then monitored for 1 year.

0.25 mg/m?® for 112 days - 0.5 mg and 92 days

6 mg/m® for 7 days - 0.7 mg and 166 days (p<0.05)

6 mg/m® for 62 days - 6.5 mg and 562 days (p<0.05)

6 mg/m® for 112 days - 11.8 mg and no apparent
clearance

Alternative approach:

Separate the alveolar clearance into two components: 1)
active alveolar clearance; and 2) sequestered or residual
fraction. Active alveolar clearance half-times were not
significantly different across groups (45 to 71 days),
except for 6 mg/m® for 62 days (148 days, p<0.05) and
6 mg/m® for 112 days (clearance rate not measurable).
The residual component was estimated to represent 7,
13.3, 18, 45.5 and 88% of theinitial *'C particle
deposition for animals exposed to 0.25 mg/m?® for 52
days, 0.25 mg/m? for 112 days, 6 mg/m® for 7 days, 6
mg/m® for 62 days and 6 mg/m® for 112 days,
respectively.
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Table 3-3. Lung Clearance Following Chronic and Subchronic Exposure to Diesel Exhaust by Inhalation (continued).
Exposure Species Observations References
Following exposure to carbon black particles Fischer 344  Prolonged exposure to carbon black particlesresulted Leeet al
(MMAD 0.22 mm), 6 mg/m® for 20 h/d, 7 d/wk for rats in an inhibitory effect on pulmonary clearance. Some  Env Res 43:364-
up to 11 wks, animals were nose-only exposed to particle-laden macrophages were observed sequestered 373, 1987

C-tagged diesal particles for 45 min. Lung
retention was monitored for up to 1 year. Diesel
particles were generated by a GM 5.7 liter engine
(MMAD 0.17 mm).

(continued from previous page)

as aggregates in the pulmonary region, the lung
retention data were analyzed using a normal two-phase
model with a sequestered term. Assuming that
pulmonary retention at 1 year postexposure
represented the amount sequestered, the long-term
clearance half-times were noticeably higher in animals
exposed for as little as 3 weeks to carbon black.
Animals exposed for only 1 week exhibited half-times
similar to controls.

1 week exposure: 57 days clearance half-time

3 week exposure: 96 days clearance half-time

5 week exposure: 140 days clearance half-time
Haf-time for exposure > 5 weeks were even longer,
but actual values were not reported.
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Table 3-3. Lung Clearance Following Chronic and Subchronic Exposure to Diesel Exhaust by Inhalation (continued).

Exposure Species Observations References
After 2 months of exposureto 0 or 2 mg/m® diessl  Fischer 344  Beyond day 1 the lung clearance could be described by Lewiset al
exhaust (7 h/d 5 d/wk) animals were exposed nose- weanling amonoexponentia curve with a half-time of 37 daysin In: Carcinogenic
only to *Fe;0, for 2 hours (15.4 mg/m®, MMAD  malerats diesel exposed animals and 47 days in controls. Diessl  and Mutagenic
1.5 mm) exposed animals had a significantly more rapid Effects of Diesdl
clearance rate than controls. 8% of theinitially Engine Exhaust.
deposited *Fe;0, particles remained in the lungs at Ed: N Ishinishi et
120 days postexposure in diesel exposed animasvs.  al pp. 361-380,
19% in controls. 1986
Following exposure to 4 mg/m® diesel exhaust Wistar (SPF) Average control clearance half-time was 49 days Heinrich et al J
particles 19 h/d, 5 d/wk for 3 to 19 months femalerats  (range 40 - 68 days). Exposed animals exhibited a Appl Toxical

animal's were exposed to *Fe;O; aerosol.
Radioactivity was monitored for 80 days.

Following exposure to 3.9 mg/m® diesal exhaust
particles, 7-8 h/d, 5 d/wk for 18 months, animals
were exposed to *Fe,0; radioaerosol.

Wistar (SPF) Average control clearance half-timewas48.5 + 4.2
days. Average exhaust-exposed half-time was 92.4 +

femalerats

significantly longer half-time after only 3 months of
diesdl exposure. The half-time was 2.5-fold greater
than controls. Continued exposure to diesel did not
further increase the clearance half-time. The values
after 12 and 19 months were dightly lower than after 3

and 8 months.

14.3 days.
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Table 3-3. Lung Clearance Following Chronic and Subchronic Exposure to Diesel Exhaust by Inhalation (continued).

Exposure Species Observations References
Animals were exposed for 7 h/d, 5 d/wk for upto  Fischer Average lung burdens: Wolff et al

30 monthsto 0, 0.35, 3.5 or 7 mg/m” diesd (SPF)rats  0.35 mg/m* In: Carcinogenic
exhaust particles. Lung burden and clearance were 3 months - 0.13 mg and Mutagenic
monitored at various time points up to 24 months. 6 months - 0.23 mg Effects of Diesdl
Radiotracers ®*™Tc, *Ga and **'Cs were used to 12 months - 0.24 mg Engine Exhaust.
estimate clearance times. 18 months - 0.32 mg Ed: N Ishinishi et
¥MTc-macroaggregated albumin was instilled onto 24 months - 0.6 mg al. pp. 199-211,
the epithelium of the lower trachea at 3 wks prior 3.5 mg/m®: 1986 and Wolff
toand at 6, 12, 18, 24, and 30 months of 3 months- 1.2 mg et al Fund Appl
exposure. The percent of material retained at the 6 months - 1.04 mg Tox 9:154-166,
original instillation site at 60 min. was calculated 12 months - 2.18 mg 1987

to provide an indicator of tracheal clearance.

18 months - 7.78 mg
24 months - 11.49 mg
7.0 mg/m®:

3 months - 2.70 mg

6 months - 4.1 mg

12 months - 7.29 mg
18 months - 15.76 mg
24 months - 20.47 mg
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Table 3-3. Lung Clearance Following Chronic and Subchronic Exposure to Diesel Exhaust by Inhalation (continued).
Exposure Species Observations References
67Ga,03; (MMAD 0.1nm) - rats were exposed Fischer 99mT c-macroaggregated albumin retention valueswere  ibid

nose-only for 30 min. at various time points (6, 12, (SPF) rats
18 and 24 mon) during diesel exposure.

Radioactivity was measured at 30 min. and 1, 4, 8,

12, and 16 d after radiotracer exposure.

134Cs-fused aluminosilicate particles (FAP)

(MMAD 2.0 nm) - rats were exposed nose-only

for 30 min. after 24 mon of diesel exposure.

Radioactivity was measured at 0.5 hr and 3, 6, 10,

13, 18, 26, 110, 137, 164, and 194 d after

radiotracer exposure.

significantly lower at pre-exposure timesin all groups than
during the exposure. There were no significant differences
between control and any exposure group at any time point
(Half-time clearance values were not reported).

67Ga,05 clearance - observed 2 components: 1) Early
clearance component half-times were not significantly
different between controls and any exposure group. Half-
times ranged from 0.5 to 1.4 days; and 2) Longer-term
clearance component half-times exhibited an exposure
related increase at the 3.5 and 7 mg/m® exposure levels.
Significantly longer half-times were seen after 18 months
at 3.5 mg/m? and after 6 months at 7 mg/m>.

Control half-times ranged from 36 to 47 days during the
24 month study period.

0.35 mg/m® half-times ranged from 35 to 46 days

3.5 mg/m? half-times gradually increased: 37, 60, 82* and
79* days at 6, 12, 18, and 24 months, respectively. (*
p<0.05)

7 mg/m?® half-times: 151*, 127**, 84 and 121* days at 6,
12, 18, and 24 months, respectively. (* p<0.05; ** p<0.1)
134Cs-FAP clearance: observed two components.

1) Short-term component - no significant difference
between controls or any exposure group. Half-times ranged
from 1.5to 1.8 days.

2) Longer-term component - 3.5 and 7 mg/m® exposure
groups had significantly longer half-times than controls or
0.35 mg/m® exposure groups.

Control: 79 days

0.35 mg/m®; 81 days

3.5 mg/m*; 264 days (p<0.01)

7 mg/m?*: 240 days (p<0.01)
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Table 3-3. Lung Clearance Following Chronic and Subchronic Exposure to Diesel Exhaust by Inhalation (continued).

Exposure Species

Observations References

Starting a 13 months of age, animals were cats
exposed to 0 or 6.34 mg/m® diesel exhaust
particles (DEP) for 8 hr/d, 7 d/wk for 61 weeks,
and then exposure was increased to 11.7 mg/m®
DEP for the subsequent 62 weeks (atotal exposure
period of 27 months) Approximately half of the
animals were killed at the end of exposure, the
remaining half were placed in clean air for an
additional 6 months and then terminated.

Source of diesel exhaust was a Nissan CN6-33
engine burning number 2 diesel fuel.

Following exposure to 4 mg/m® diesal exhaust Syrian golden
particles 19 h/d, 5 d/wk for 12 months, animals hamsters
were exposed to *Fe,0; aerosol. Radioactivity

was monitored for 80 days.

Diesel particle density within the interstitial macrophages Hyde, et al Lab
of the cats was decreased by about 50% in the group Invest 52(2):195-
which were maintained in clean air for 6 months 206, 1985
following diesal exposure compared to those animals

killed immediately after diesel exposure ended,

suggesting a clearance half-time of roughly 6 months.

This clearance haf-timeislonger than that of the rat but

shorter than that of the guinea pig.

Exposed animal's exhibited an insignificant decreasein Heinrich et al
lung clearance. Clean air controls exhibited a half-time of J Appl Toxicol
55 days whereas exposed animals exhibited aclearance  6:383-395, 1986
half-time of 75 days.
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4.0 NON-CANCER HEALTH EFFECTS

Together, this section and Appendix A review the literature of effects of diesel exhaust that are
not specifically related to genotoxicity and carcinogenicity. Appendix A -- Reference
Concentration for Chronic Inhalation Exposure (RfC): Diesel Engine Emissions; IRIS, U.S.EPA,
6/93 -- established the basis for the U.S.EPA reference concentration of 5 ng/m®,

The first subsection below summarizes the available epidemiological literature on the potentia
health effects of diesel exposure. This evidence mostly derives from studies of diesel exhaust
exposed workers. The next two subsections describe the results of animal testing. They focus
primarily upon the potential for adverse respiratory and reproductive effects. The fourth
subsection summarizes the immunological effects of diesel exhaust in both humans and animals.
The fifth sub-section provides an evaluation of the U.S.EPA RfC and WHO's proposed health-
based guidance vaues. This sub-section aso includes OEHHA' s cal culations and recommends
the adoption of the 1993 U.S.EPA RfC as the California chronic inhalation Reference Exposure
Level (REL).

4.0.1 CHAPTER SUMMARY AND CONCLUSION

Epidemiological studies reviewed in this chapter provide evidence which suggests that diesel
exposed workers had increased frequency of bronchitic symptoms, cough and phlegm, wheezing,
and decrement in lung function. However, confounding factors present during exposure, often
obscured the exposure-effect relationships in these studies.

In acute or subchronic animal studies, the inhalation or direct application of diesel particlesinto
the respiratory system induced inflammatory airway changes, lung function changes, and increased
susceptibility to lung infection. Chronic exposures caused changes such as thickening of the
alveolar epithelium and infiltration of macrophages, fibroblasts and proteins into the aveolar
septa, changes which are mainly related to chronic inflammatory responses.

There are no data available in the literature concerning reproductive and developmental health
effects in humans. Diesel exhaust particles do not induced heritable point mutations and sperm
abnormalities in rats, mice, and monkeys, though sperm anomalies were noted in exposed
hamsters. Effect on the female reproductive system was limited to a study reporting a decrease in
the number of corporaluteain diesel exhaust particulate exposed female mice. Diesal exhaust is
not teratogenic in rabbits.

In both humans and animals, diesal exhaust exposure can result in measurable increases in IgE and
1gG antibody production, perturbed cytokine regulation, localized inflammation and eosinophilic
infiltration in lung and respiratory tract tissues. In allergic human subjects, diesel exhaust particles
may act as an adjuvant for pollen allergy.

In conclusion, there is evidence to suggest that human exposure to diesel exhaust causes chronic
respiratory symptoms and contributes to the recent increase in allergic respiratory diseases.
Results from animal studies provide support for this conclusion. The human health effects data
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currently available do not allow for a quantitative derivation of a chronic inhalation REL. The
OEHHA concurs with the U.S. EPA that the chronic rat study by Ishinishi et al. (1988) is the
most appropriate study for this purpose and recommends 5 ng/m?® as the chronic REL for diesel
exhaust.

4.1 RESPIRATORY HEALTH EFFECTS

Epidemiological studies suggest increased frequency of bronchitic symptoms, cough and phlegm,
wheezing, and decrements in lung function as measured by forced expiratory volume in workers
exposed to diesel exhaust. Exposure-effect relationships in these studies are often obscured by
confounding factors such as the presence of mine or coa dusts.

411 HUMAN STUDIES

The studies reviewed in this section involve primarily populations of miners exposed to diesel
exhaust. The advantage of studying minersis that they are not concurrently exposed to exhaust
from gasoline-powered vehicles, as are most transport workers. Because of the confined spaces
in which miners work, they may be more highly exposed to diesel exhaust than any other
occupational group. On the other hand, studies of miners raise the question of potential
confounding by substantial concentrations of other substances, particularly dusts, to which they
may have been concurrently exposed. Studies of road transport and road tunnel workers have not
been included because of variable unknown exposures to gasoline exhaust. Measurements of
gross respiratory effects in humans have not provided sufficient quantitative information to
establish areference concentration at the time of this review.

An early occupational study found no significant effects on health attributable to diesel exposed
workers. Battigelli et al. (1964) obtained pulmonary function and frequency of respiratory

complaints for 210 railway engine repairmen in comparison to 150 railway yard workers. This
study also found little elevation of NO, and respirable particlesin the general shop atmosphere.

Thefirst study to examine the possible effects of diesel exposure on miners was a qualitative study
by Jorgensen and Svensson (1970), which compared 60 Swedish underground iron ore minersin a
mine where diesel powered vehicles were used extensively with 55 above-ground miners. No
environmental measurements were made. As with many studies, the nature of the diesel fuel used
here was likely somewhat different from modern diesdl fuel; the report of this study in particular
indicated that light-diesel and catalytic afterburners and/or waterscrubbers were used in the mine
for several years. The frequency of bronchitic symptoms was higher among underground miners,
even after adjustment for smoking status. Spirometry measurements revealed no differences
between the two groups.

Ames et al. (1982) compared an exposed group of 60 U.S. coal miners from mines using diesel
equipment with 90 miners not exposed to diesel emissions. The control subjects were on average
15.1 years older than the exposed group and had 15.9 more years experience underground.
Decrementsin FVC and FEV; were found in the exposed group compared to the controls, but
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these decrements were not statistically significant. However, there is a suggestion of an important
effect that might have been obscured because of the difficulty of detecting effects with the small
number of subjectsin this study and the greater age of the controls.

Attfield et al. (1982) studied 1091 minersin 6 New Mexico potash mines. They were unable to
find any trends in respiratory signs and symptomsin relation to diesel use or NO, exposure.
Again, important relationships could have been obscured because of differencesin worker
characteristics and concurrent exposures to other substances in mines.

In across-sectional study by Reger et al. (1982), 823 underground coal miners in mines using
diesdl-powered equipment were individually matched with miners working in coal mines above or
below ground. These investigators found a significantly elevated incidence of cough and phlegm
in underground diesel-exposed miners, but pulmonary-function test results (FEV, and FVC) were
not different in a consistent trend from the matched control miners. Diesel-exposed workers had
lower incidence of dyspnea compared with the control miners. The authors did not reach
definitive conclusions about the influence of diesel exhaust on pulmonary function or pulmonary
symptoms.

In another cross-sectional study, using 259 salt miners from 5 mines with varying diesel exposure,
Gamble et al. (1983) reported that phlegm production was associated with exposure to respirable
particles and NO, (assumed to be a surrogate for diesel exhaust), but cough, dyspnea and
pulmonary function were not. Acute pulmonary function deficits were, however, observed after
workshifts in workers who were smokers. In separate analyses of the same individuals, Gamble
and Jones (19833, 1983b) associated the increased phlegm production specifically with diesel
exhaust. They (1983a) aso reported a significant decrease of vital capacity with exposure to
diesal exhaust, and their data suggest atrend of increasing dyspnea with diesel exhaust.

Robertson et al. (1984) studied 560 British coal miners, including 44 matched pairs with high and
low NO exposure. Prevaence of respiratory symptoms and FEV; were investigated. No
association was shown, either in the whole cohort or the matched group, between prevalence of
respiratory symptoms or FEV; in relation to nitrogen oxides exposure. However, associations
were shown for dust exposure and cigarette smoking.

In afive-year prospective study, Ames et al. (1984) tested the hypothesis that exposure to diesel
exhaust leads to chronic respiratory effects among underground coal workers. Neither changesin
respiratory function nor in chronic respiratory symptoms supported the hypothesis. The study
employed three spirometric measures of respiratory function and three measures of chronic
respiratory symptoms. In afurther analysis, which included dust and gaseous exposure
measurements for 337 of the exposed miners, Ames et al. (1988) came to similar conclusions for
that subset of miners.

In astudy of the pulmonary function of stevedores exposed to diesel exhaust, Ulfvarson et al.
(1987) reported significant but reversible reductions in forced expiratory measures over the
course of aworking shift. Ten workers were tested on each of two occasions. Personal sampling
gave dust levels from 0.13 to 1.0 mg/m®, CO from 1.1 to 5 mg/m® and NO, from 0.06 to 2.3
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mg/m®. However, no correlations could be made regarding the concentrations of nitric oxide,
NO,, formaldehyde, or CO and pulmonary function deficits. The method of subject recruitment
was not presented in the study. The number of individuals who experienced pulmonary function
decline that were also smokers was not given, however the authors reported no group differences
between smokers and non-smokersin thisregard. Subsequently, Ulfvarson and Alexandersson
(1990) studied the effect of removing the particles from the diesel truck exhaust by means of high-
efficiency particle filters. The result was that forced vital capacity declined by 2% for the group
of 24 when al trucks used filters and 5% for the group of 18 when none did. Tests of six subjects
experiencing both kinds of days showed a decline of 5% for the filtered exposure compared to a
decline of 10% for unfiltered exposure. Respirable dust declined from 0.23 without filters to 0.12
mg/m® with filters. In asimilar study of 15 workersin atunnel construction site, Ulfvarson et al.
(1991) reported that filtering the diesel exhaust had a protective effect on FVC and FEV .
Daquist (1995) and Dalquist and Ulfvarson (1996) further reported that these tunnel workersin a
workshift had “ cross-shift” decreases in lung function which may be associated with eventua
long-term decline in lung function. The authors concluded that the transient decrease in lung
function seen in their studies was related to the diesel particulates and not to the gaseous
components of DE. In diesel-bus garages Gamble et al. studied acute health effects of nitrogen
dioxide and respirable particulate matter on 232 workers (1987a), and chronic respiratory effects
of diesel exhaust on 283 workers (1987b). In the acute study they found measures of exposure to
nitrogen dioxide and respirable particulate matter over a shift to be related to work-related
symptoms of cough; itching, burning or watering eyes; difficult or labored breathing; chest
tightness; and wheeze (Gamble et al., 1987a). In the chronic study, analysis of exposure-effect
relationships within the study population showed no detectable associations of symptoms with
tenure. There was an apparent association of pulmonary function and tenure. The study
population was a'so compared to a nonexposed “blue collar” population. After indirect
adjustment for age, race, and smoking the study population had elevated prevaence of cough,
phlegm and wheezing compared to the nonexposed population, but there was no association with
tenure. Dyspnea showed a dose-response trend but no increase in prevalence compared to the
unexposed population (Gamble et al. 1987b).

In stevedores, Purdham et al. (1987) studied respiratory symptoms and pulmonary function in
relation to components of diesel and gasoline exhaust exposure. The stevedore exposure to total
suspended particulate matter and carbon monoxide was significantly greater than controls. Lung
function assessments provided evidence that an obstructive ventilatory effect was more prevalent
in the 17 stevedores than in the 11 controls.

Several of the studies of cancer risk also reported data on mortality from non-malignant
respiratory disease. Howe et al. (1983) in railway workers and Wong et al. (1985) in heavy
equipment workers both reported increases in mortality from emphysema. Cigarette smoking may
have confounded those observations. In apreliminary report for railroad workers exposed to
diesel exhaust, Garshick et al. (1987c) reported data giving evidence of a modest increase in
mortality due to chronic respiratory disease, even after careful control for smoking.

The studies of Gamble et al. (1983), Gamble and Jones (1983a, 1983b), and Gamble et al.
(19874, 1987b), though not entirely consistent, suggest together that exposure to diesel exhaust
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may be related to respiratory symptoms. The studies of Ulfvarson et al. (1987, 1991) and
Ulfvarson and Alexandersson (1990) indicate occurrences of decrementsin pulmonary function
attributable to diesel exhaust over aworkshift. Seven studies reported no relationship to
pulmonary function or respiratory symptoms.

Ruddll et al. (1996) performed acute, 1-hour exposures of 12 healthy, non-smoking non-asthmatic
subjects to filtered and unfiltered diesel exhaust (1.4 - 2.6 x 10° particles’em®). The subjects
underwent light exercise during the exposure, with periodic measurements of eye and nasa
irritation. Pulmonary function was measured before and after exposure. Results included
significant increases in total and specific airway resistance, and significant increases in symptoms
of eye and nasal irritation, compared with controls exposed to exhaust-free air. The presence of a
ceramic particle trap was effective in reducing the number of particles above 0.4 nm in diameter,
but was ineffective in restoring impaired pulmonary function, or in abating symptoms.

Three cases of railroad workers with reactive airway disease were documented by Wade and
Newman (1993). The workers, none of whom were current smokers, had no prior history of
asthma or other respiratory disease. The workers developed asthma following excessive exposure
to diesal emissions while riding behind the lead engines of caboose-less trains.

Recent studies indicate that diesel exhaust particles play arole in immunological alergic reactions
aswell aslocalized inflammatory responses in humans. This will be discussed below (Section 4.3).

4.1.2 SUMMARY OF HUMAN RESPIRATORY HEALTH EFFECTS

Epidemiological studies suggest increased frequency of bronchitic symptoms, cough and phlegm,
wheezing, and decrements in lung function as measured by forced expiratory volume in workers
exposed to diesal exhaust. The epidemiological studies summarized above all had clear
limitations. They were commonly characterized by fairly small numbers of subjects, limited
information on historical exposure levels, possible confounding from exposure to other
substances, and potential for selection bias due to the possibility that the most affected workers
had already left their employment before the beginning of the studies. The possibility of selection
bias must aso be considered since the method of recruitment of many subjects was not presented.
Recdll bias in questionnaire-type studies can aso influence results in either direction. The degree
to which these possible confounding variables influenced the results from the above studiesis
unknown. The studiesin miners showed some limited association between diesal exhaust and
respiratory symptoms but not pulmonary function tests. The studies of underground workers
present particular difficulties in establishing an effect because of the potential confounding dust
exposures and inherent difficulties in detecting increases in incidence rates relative to ahigh
background rate
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4.1.3 RESPIRATORY HEALTH EFFECTSIN ANIMAL STUDIES

Studies utilizing various routes of exposure are summarized in Tables 4.1, 4.2, 4.3, and 4.4. Only
those studies utilizing inhalation exposure or a direct application of diesel into the respiratory
tract, and evaluating the lowest levels producing effects will be discussed further in this section.
Effects on reproduction and development will be discussed in a separate section (Section 4.2).

The inhalation or direct application of diesel into the respiratory tract of animalsin acute and
subchronic studies induced inflammatory airway changes, lung function changes, and increased
susceptibility of exposed animalsto lung infection. The morphological effects observed in the
lungs of animals in chronic inhalation exposures are mainly related to chronic inflammatory
responses.

413.1 ACUTE EXPOSURE (SINGLE DOSE)
The effects of acute exposure to diesel exhaust are summarized in Table 4.1.

Pepelko and Peirano (1983) evaluated the hedlth effects of an acute inhalation exposure to diesel
exhaust (DE). Mice were exposed for 2 or 6 hours to 6 mg/m® diluted exhaust from a light-duty
diesel engine. No effects were observed after 2 hours of exposure, however, after the 6 hour
exposure the infectivity of Streptococcus pyogenes was significantly enhanced. The average
mortality in the 6-hour DE exposed animals was 31.7% compared to 6.7% in control animals.
The highly positive results of this study show that brief exposure to diesel exhaust at the exposure
level of a6 mg/m?® greatly enhances the infectivity of one of the bacterial challenges. The
overloaded clearance mechanism at this concentration is a likely mechanism of interference with
lung defenses.

A single acute intranasal exposure of guinea pigs to solutions of suspended diesel particles
resulted in significant increases in intranasal pressure and nasal secretions (Kobayashi and Ito,
1995). Concomitant exposures to histamine indicated an additive effect on increasing nasal
resistance. The authors concluded that diesel exhaust particles are potent in increasing nasa
airway resistance and augmenting nasal airway resistance and nasal secretionsin conjunction with
histamine.

Intratracheal ingtillation of diesel particulates in mice was shown to result in increased lung water
content, whereas administration of activated charcoal particles (Norit) had no effect (Ichinose et
al., 1995). Bronchoalveolar lavage fluid (BALF) from mice treated with diesel particles had a
significantly higher content of neutrophils compared with mice treated with Norit. The
inflammation observed in the mice treated with diesel was preceded histologically by the
detachment of capillary endothelial cells from their basement membrane and necrosis.
Desguamation of type | pneumocytes was observed 6 hours after instillation of diesel particles by
electron microscopy. Activated charcoal exposure resulted in an increase in aveolar macrophage
content and a dlight increase in neutrophil in the air spaces. No effect of Norit was seen in the
bronchioles.
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Ulfvarson et al. (1995) had also shown inflammatory airway changes, especiadly in the bronchiolar
epithelium in rabbits exposed by inhalation to filtered or unfiltered diesel exhaust for 24 hours,
with varying effects on lung function, including increased airway resistance, and increased or
decreased compliance for unfiltered and filtered exhaust, respectively.

Another investigator, Chen (1986), evaluated the relative ability of particulate matter extract from
the exhaust of alight-duty diesel engine and of pure benzo(a)pyrene (BaP) to induce aryl
hydrocarbon hydroxylase (AHH) in lung and liver. Administered intratracheally one time, the DE
extract caused amild induction of lung AHH activity (112%). Theincreasein AHH activity from
BaP exposure was approximately 4-fold. BaP was therefore determined to be a much more potent
inducer of AHH activity than diesel particle extract. AHH induction isnot, by itself, an adverse
effect, but is an indicator of bioavailability of toxic PAH compounds.

4132 SHORT-TERM EXPOSURE (UP TO 1 MONTH)

Several studies have examined the effects of repeated exposure to DE from light-duty engines for
durations up to 1 month. These studies are summarized in Table 4.2. Inhalation exposure
concentrations ranged from 0.46 to 6 mg/m® DE.

Using the lowest exposure concentration of pure DE, 3.3 mg/m?, Henderson (1988a) exposed rats
and mice by inhaation for 7 hour/day, 5 day/week, for up to 17 days. Prostaglandin F2a and
leukotriene B4, two mediators of inflammation, were significantly elevated in bronchoalveolar
lavage fluid after 2 days of exposure. Levels decreased to near control levels by day 17,
indicating a possible adaptive response. The rats appeared to be more sensitive to the effects of
DE than mice. This study suggests a mechanism of inflammation for this short-term exposure.

Following inhalation of 6 mg/m?®, Wright (1986) reported significant increases in the rate of DNA
synthesis and in lung lipid metabolism in rats, and Pepelko and Peirano (1983) reported increased
susceptibility to bacterial infection in mice.

Inhaling a mixture of DE particles at 0.46 mg/m®, together with aslightly greater concentration of
acids, induced significant decreases in phagocytic activity in rats (Prasad et al., 1988). The
authors did not include an acid-only control for comparison.

Chen et al. (1981), using high concentrations with intraperitoneal injection, reported increased
AHH activity in lung and liver of rats. Exposure to inhaled diesel particulates at 1.5 mg/m® for 6
months resulted in decreased AHH activity.

Together, these results are consistent with an acute or subacute inflammatory process at
sufficiently high concentrations of DE.

The immunological effects of DE in rodents is discussed in a separate section (Section 4.3).
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4133 SUBCHRONIC EXPOSURE (1 TO 6 MONTHYS)

Several groups of investigators have evaluated the effects of subchronic inhalation exposure on
thelung. These studies are summarized in Table 4.3.

All the light-duty diesel exhaust studies, except one, utilized relatively high exposure levels (i.e.
equal to or greater than 6 mg/m® DE). Barnhart et al. (1981), utilizing guinea pigs as an animal
model, examined the effects of the lowest levels of DE. Animals were exposed to 0, 0.75 or 1.5
mg/m° DE for 20 hour/day, 5.5 days/week for up to 6 months. Exposure to 0.75 mg/m® resulted
in an increase in the size and number of epithelia type Il cells which subsequently produced an
increase in the thickness of the air-blood barrier. In general, the 1.5 mg/m® exposure level
produced similar but more severe effects than those observed in the 0.75 mg/m® exposure group.

Other subchronic studies of health effects of exhaust from light-duty diesel engine produced a
variety of results at higher concentrations. At 6 mg/m® ,8 hours/day, 7 days/week for 3 months,
Pepelko and Peirano (1983) reported a significant decrease of spontaneous locomotor activity
level in exposed rats, and enhanced susceptibility to infection by Streptococcus pyogenes in mice.
Using the same exposure regimen but at two doses (6 and 12 mg/ m*) and for 6 months, the same
authors reported in exposed Chinese hamsters a dose-dependent increase of lung weight and a
decrease in lung function (carbon monoxide diffusing capacity) along with hyperplasia of aveolar
Type |l célls, resulting in athickening of the alveolar epithelium. The exposed rats and mice also
had large increases in lung protein content coupled with a decrease in total protein synthesis,
suggesting the likelihood of pulmonary fibrosis development. Chinese hamsters exposed to

6.4 mg/m® for 6 months exhibited an increase in lung weight with a decrease in vital capacity,
residual volume and carbon monoxide diffusing capacity, suggesting possible emphysematous
changes (Vinegar et al. 1981). These studies are generally consistent with inflammatory changes
in the lung.

Lewiset al. (1986), Hahon et al. (1985) and Rabovsky et al. (1986) evaluated the effects of
heavy-duty diesel exhaust (HDE) on lung infectivity in CD-1 mice. Animals were exposed to 2
mg/m° DE for 7 hours/day, 5 days/week for 1, 3, or 6 months and then inocul ated with influenza
virus. The 3 and 6 month exposed animals exhibited virus-induced lung consolidation, higher
peaks of virus multiplication, and lower levels of interferon in both lung and serum. These results
indicate an increased level of susceptibility to infection following diesel exhaust exposure.

Adjusting the exposures for hours per week gives lowest observed effects levels of approximately
2 mg/m® for all four of the light-duty engine studies with only one non-zero exposure. The fifth
study, which had two non-zero exposures, gave alowest observed effect level of 0.5 mg/m®.

Adjusting the exposure for hours per week gives lowest observed effects levelsin the range 0.4 to
0.5 mg/m®in al of the experiments with heavy-duty engines and one with light-duty engines.
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4.1.3.4. CHRONIC EXPOSURE (>6 MONTHYS)

Ishinishi et al. (1986a, 1988) used el ectron microscopy to evaluate the morphological effects of
0.1, 0.4, 1 or 2 mg/m® light-duty diesel exhaust and 0.4, 1, 2, or 4 mg/m® heavy-duty diesel
exhaust inrats. Animals were exposed 16 hours/day, 6 days/week for 30 months. Morphological
changes were clearly observed in animals exposed to 1 and 2 mg/m® but not at 0.4 mg/m®. The
changes observed included: proliferating type Il epithelia cells over the alveolar walls which
developed into glandular metaplastic foci; marked infiltration of macrophages, plasma cells and
fibroblasts into the alveolar septa; and local increases in collagen fibers resulting in sporadic
thickening of the alveolar wall.

Nikula and associates (1995) found non-neoplastic lesions in F344 rats related to the lung burden
of retained particles after 18 or 24 months. In their study, diesel exhaust exposures (2.44 or 6.33
mg/m°) resulted in significantly increased lung weight from particul ate burden, compared with the
same particulate air concentration of carbon black. Diesel exhaust was, therefore, a more potent
inducer of non-neoplastic lung lesions than carbon black particles. For most non-neoplastic
lesions measured, including aveolar macrophage hyperplasia, aveolar epithelia hyperplasia,
chronic-active inflammation, septal fibrosis, aveolar proteinosis, bronchiolar-alveolar metaplasia,
and focal fibrosis with epithelia hyperplasia, diesel exhaust exposure resulted in increased
incidence and severity of effect.

Lewis et al. (1986, 1989) exposed cynomolgus monkeys (15 per group) to 0 or 2 mg/m® diesel
exhaust for 7 hours/day, 5 days/week, for 24 months in order to examine the effects of diesel
exhaust on pulmonary function. Additional groups of 15 monkeys were exposed to either coal
dust aone or in combination with the diesel exhaust. Results of the study included a significant
but non-dose-dependent increase in mild pulmonary acute and chronic inflammatory responses
resulting from the various particulate exposures. In addition, the study showed that monkeys
exposed to diesel exhaust exhibited reduced pulmonary flow (obstructive disease), but not
reduced lung volume (restrictive disease). The obstructive responses began to occur significantly
after 12 months. A NOAEL for pulmonary effects of diesel exhaust exposure was not determined.
In parallel studies using rats, these researchers found that maximal contractile responsesin excised
rat tracheal tissue were increased with each of the experimental exposures, compared with tissue
from control rats.

The Lewis et al. (1986) study illustrates the utility of non-human primates for studying the non-
cancer effects of diesel exhaust. However, the study included only a single concentration level,
therefore a dose-response relationship could not be determined. In addition, there were
significant effects observed at the one concentration, therefore no NOAEL was apparent. The
relative utility of the monkey model as an alternative to the rat model for the effects of diesel
exhaust in humans cannot be determined from the limited data presented in the Lewis et al. (1986)
study.

Strom et al. (1984) exposed rats to diluted diesel exhaust for six months and one year, in order to
determine effects on the pulmonary phagocytic responses. They used three atmospheric
concentrations, 0.25, 0.75 and 1.5 mg/m®. They reported that responses at the lowest exposure
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concentration were similar to controls. At the two higher concentrations, the lavaged alveolar
macrophages had increased volumes, polymorphonuclear leukocytes were present, and at one
year lymphocytes were observed. Measurements of protein, beta-glucuronidase activity, and acid
phosphatase activity were all elevated in the cells from animals with the two higher exposure
concentrations.

Naga et al. (1996) found that a 2-year exposure of guinea pigs to diesal exhaust with or without
particulates for 16 hours/day, 6 days/week resulted in alveolar destruction in the form of punctate
holesin the alveolar walls. The lowest concentration tested resulted in formation of alveolar holes
(0.21 mg/m® as diesel particles). No NOAEL was observed in the study. Higher concentrations
and increasing durations produced a greater number and size of alveolar holes. The authors
measured the holes with electron microscopy and verified that the holes were not secondary to
increasing aveolar airspace. The holes (or fenestrae) were considered distinct from the normal
“pores of Kohn” which are found in healthy aveoli, due to their increased number and diameter.
Controls and treated animals had the same number of alveoli and the same alveolar size.
Pulmonary function was not measured. The reversibility of these holes and the extent of the
functional damage to the lung were not investigated, but the presence of aveolar holesis
correlated with onset of emphysema (Kobzik and Schoen, 1994).

Navorro et al. (1981) had previously reported impairment of the ability to metabolize
benzo(a)pyrene in rat pulmonary microsomes at 1.25 mg/m® LDE for 20 hour/day, 5.5 days/week
for 1 year. They found no effect on the enzyme activity of liver microsomes.

Oberdorster et al. (1992) reported that the influence of particles on inflammatory responses in the
lung were a function of particle surface area and interstitial access. In their studies on male rats,
ultrafine particles (< 20 nm) were more potent than larger particles (< 200 nm) in inducing
pulmonary inflammatory events.

A large number of chronic animal studies are described in Appendix A, which isthe U.S.EPA
(1993) documentation for the Reference Concentration for Chronic Inhalation Exposure (RFE)
for diesel engine emissions. Additional studies are described in Table 4-4 at the end of this
section.

4135 SUMMARY OF ANIMAL RESPIRATORY HEALTH EFFECTS

The inhalation or direct application of diesel into the respiratory tract of animalsin acute and
subchronic studies induced inflammatory airway changes, lung function changes, and increased
susceptibility of exposed animalsto lung infection. The morphological effects observed in the
lungs of animals in chronic inhalation exposures are mainly related to chronic inflammatory
responses. These changes include thickening of the alveolar epithelium, increase in lung weight,
infiltration of macrophages, fibroblasts and proteins into the alveolar septa, and glandular
metaplasia. The use of the Ishinishi et al. (1988) study to derive the reference exposure level for
diesal exhaust is discussed in Section 4.5.2.

4-10
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4.2 REPRODUCTIVE AND DEVELOPMENTAL HEALTH EFFECTS

This section summarizes the literature on the reproductive and devel opmental effects of diesel
exhaust exposure in animals. Details of these studies are presented in Table 4.5. There are no
data available in the literature concerning such effects in humans (IARC, 1989).

Studies on induced heritable point mutations and sperm abnormalities following diesdl exhaust
exposure were negative in rats, mice, and monkeys, though sperm anomalies were noted in
exposed hamsters. An observed decrease in the number of corporaluteafollowing diesel exhaust
exposure in one study suggests potential impact on female reproduction in mice. Teratogenic
effects were not observed in rabbits. Some evidence of neurobehavioral effectsin rat pupsis
reported.

4.2.1 MALE REPRODUCTIVE STUDIES

Pepelko and Peirano (1983) observed evidence of heritable point mutations in the offspring of
hybrid male mice that had been exposed by inhalation to diesel exhaust for 5 or 10 weeks (8
hours/day, 7 days/week to 6 mg/ m®). In the dominant lethal test, inhalation exposure of male
mice and rats to diesal exhaust did not induce detectable chromosome changes in germ cells
(Pepelko and Peirano, 1983; Lewis et al., 1986; Callahan et al., 1986). There were no differences
in the number of females pregnant, the number of implants, or the number of living embryos
between the control and the diesel exhaust exposed groups.

The test for heritable trand ocations did not demonstrate differences in sterility or partial sterility
in the male progeny from pre-exposure and post-exposure matings (Pepelko and Peirano, 1983).
No effect on spermatogonial survival were observed between control and diesel exhaust exposed
mice (Pepelko and Peirano, 1983). However, a 2.67-fold increase in sperm abnormalities was
observed in Chinese hamsters exposed 8 hours daily for 6 months to 6 mg/m® diesel exhaust
(Pereiraet al., 1981b). Mice exposed to asimilar exposure protocol did not exhibit an increasein
the number of abnormal sperm (Pereiraet al., 1981c). The investigators note, however, that the
very high spontaneous rate of sperm shape abnormalitiesin this strain of mice could have masked
any small positive effect.

Sperm abnormalities were detected in mice exposed to diesel exhaust particulate via
intraperitoneal injection. The effect was most notable in the high exposure group (200 mg/kg)
where the extent of the abnormalities was 8 times higher than the spontaneous level. A significant
decrease in sperm count was also observed at the highest dose though testicular weight was not
influenced (Quinto and DeMarinis, 1984). No significant changes were detected in number,
motility, velocity or morphology of sperm from Cynomolgus male monkeys that had been
exposed by inhalation for 7 hours per day, 5 days per week for 24 months to 2 mg/m?® diesel
exhaust (Lewis et al., 1986).

Fredricsson et al. (1993) reported a dose-dependent decrease in the percentage of mobile sperm

and generalized motility impairment in human sperm cells exposed in vitro to extracts of diesel
exhaust for several hours.

4-11
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4.2.2 FEMALE REPRODUCTIVE STUDIES

No difference in reproductive performance as measured by litter size was observed between
control female mice and mice exposed daily by inhalation to 6 mg/m® diesel exhaust for 8 weeks
prior to mating (Pepelko and Peirano, 1983). Consequently, the investigators found no evidence
of chromosome or cytotoxic effectsin oocytes. The same investigators obtained negative results
in the dominant lethal mutation test. The percentage of matings resulting in pregnancy, the
number of live embryos, and implantation loss were not different between the controls and mice
exposed by inhalation to diesel exhaust 7 weeks prior to mating. However, fewer corpora lutea
were noted in the exposed group. In addition, the time interval from caging to copulation was
significantly longer in the exposed animals as compared to the controls. The investigators showed
that the observed decrease in corpora lutea was not merely a function of the delay in mating.
Such effects on the corpora lutea would be consistent with alterations in ovulation and/or estrus

cycle.
423 TERATOGENICITY STUDIES

Pepelko and Peirano (1983) reported two studies, one in rats and one in rabbits, to assess how
inhalation exposure to DE during the critical period of gestation affects fetal development.
Animals were exposed to 8 hours/day, 7 days/week to 6 mg/ m® during the critical period of
gestation (days 5 - 16, rats, days 6 - 18; rabbits). One day prior to the projected parturition date,
the dams were killed and all fetuses were removed and examined for external abnormalities. One
third of the fetuses were further examined for gross internal anomalies while the remaining two
thirds were examined for skeletal abnormalities. Reproductive parameters, including total number
of fetuses (live and dead), resorptions, implants, and corpora lutea (see Table 4.5 for other
variables investigated), were scored. The studies reported no significant differences between
animals in the control and exposed groups of either species. Callahan et al. (1986) reported
results of a study in rats exposed during gestation to tank-generated diesel exhaust which gave
some indication that diesel exhaust is fetotoxic and/or results in delayed development. Sites of
retarded ossification were noted in the vertebral columns, ribs and sternums of the fetuses of the
exposed dams.

4.2.4 GENERATIONAL STUDIES

Pepelko and Peirano (1983) investigated reproductive performance in mice exposed by inhalation
(8 hours/day, 7 days/week to 6 mg/m®) to diesel exhaust from 100 days prior to breeding through
maturity of the F, generation. The authors concluded that treatment-related effects were dlight.
Although some differences in organ and body weights were noted in the F, generation, overall
fertility and survival rates were not significantly different between exposed and control animals. A
significant increase in lung weight of the exposed animals was observed in al Fy and F; breeders,
F, unmated mice and F, generation male pups. The increasein lung weight was seenin
conjunction with a gross pathological diagnosis of anthracosis.

Callahan et al.(1986) exposed male and female rats to 15- or 60-min, 6 mg/m® of diesel exhaust in
connection with time of mating in order to determine effect on mating success, period of
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gestation, delivery, and care of pups. The study did not detect any effect on these gross
endpoints.

4.2.5 DEVELOPMENTAL STUDIES

Mauderly et al. (19874) exposed rats from conception to 6 months of age to diesel exhaust in an
attempt to assess any effects on lung development. Although the investigators concluded that
general lung development was not affected by exposure, alterationsin airway fluid constituents
and lung enzymes were observed. It was also noted that effects in these young rats were much
less severe than those seen in adults exposed to the same diesel exhaust levels.

In another study investigating neurobehavioral effects, Laurie et al. (1981a, in Pepelko and
Peirano, 1983) exposed two groups of rat pups to 6 mg/m?® diesel exhaust from either day 1 to
day 17 of age for 20 hours per day or from day 1 to day 21, 28 or 42 of age for 8 hours per day.
The results of this neurobehavioral study demonstrated depressed spontaneous locomotor activity
(using standard running wheels) in the exposed animals. These effects were less pronounced in
those animals exposed for only 8 hours per day to diesel exhaust. Operant conditioning, as
measured by acquisition of the bar pressing task, in 15 month old animals exposed as neonates for
20 hours per day was significantly delayed relative to the controls.

The same investigators examined neurophysiological aterationsin diesel exhaust exposed
neonates as measured by changes in somatosensory and visual evoked potentials (SEPs and
VEPs, respectively) (Laurie and Boyes, 1981b). Rat pups were exposed to air or 6 mg/m? diesel
exhaust from birth to 7, 14, 21 or 28 days of age. A significant change in the latencies of SEPs
and VEPs relative to the controls was noted only in the 1 to 14 day exposure group. The
investigators pointed out that the most rapid rate of neural growth occurs at about 14 days of age
and that a toxic effect would be most pronounced in that critical time period.

4.2.6 SUMMARY OF REPRODUCTIVE/DEVELOPMENTAL EFFECTS

Inhalation of diesel exhaust did not induce heritable point mutations or trandocations in male
rodents, nor dominant lethals in animals of either sex. Exposure viainhalation did not induce
sperm abnormalities nor affect spermatogonial survival in mice and monkeys though sperm
anomalies were observed in hamsters.

Data of the effects of diesel exhaust exposure on female reproductive capacity are limited but
potential effects on corpora lutea and mating period have been suggested in laboratory rodents.

No teratogenic effects of diesel exhaust exposure were shown in rabbits. Delayed ossification of
the thoracic region has been noted in rats following exposure to very high exposure levels.
Exposure to diesdl exhaust during the neonatal developmental period of rodents induces
neurobehavioral and neurophysiological effects, but does not affect general lung devel opment.
Other organ systems have not been evaluated.
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Generational studies conducted in rodents revealed that inhalation exposure to diesel exhaust
causes increases in lung weight in all generations examined. Evaluation of other parameters
produced inconclusive results.

The available literature does not provide sufficient information to determine whether or not diesel
exhaust exposure induces reproductive, developmental or teratogenic effects in humans.

4.3 IMMUNOLOGICAL EFFECTS

There are a number of review articles which postulate that air pollution, particularly diesel exhaust
particles, plays arolein the increasing prevalence of asthma and other alergic respiratory disease
(Albright and Goldstein, 1996; Peterson and Saxon, 1996; Devaliaet al., 1997). The discovery of
therole of diesdl particulates and their PAH fraction in augmentation of allergic responses to
gpecific antigens in humans and animalsis relatively new, and many of the studies discussed below
are comparatively recent (Peterson and Saxon, 1996; Diaz-Sanchez, 1997).

Diesdl exhaust exposure can result in measurable increases in IgE and 1gG antibody production,
perturbed cytokine regulation, localized inflammation and eosinophilic infiltration in lung and
respiratory tract tissues.

43.1 HUMAN STUDIES

A number of recent studies indicate that diesel exhaust particles (DEP) could induce
immunologica alergic reactions as well as localized inflammatory responses in humans (Diaz-
Sanchez et al., 1994, 1996, 1997; Terada et al., 1997; Takenaka et al., 1995). Diaz-Sanchez et
al. (1994) found that intranasal instillation of 0.30 mg DEP (0.15 mg per nostril in 5 ml saline) to
11 volunteer subjects resulted in asignificant rise in localized (nasal) IgE antibody production and
MRNA that coded for IgE proteins. The elevation in IgE was specific as no concomitant risein
levelsof IgA, 1gG, IgM, or albumin were observed. Extending this study to T cells macrophages
and epithelial cells, Diaz-Sanchez et al. (1996) showed that the mRNAS for the pro-inflammatory
cytokines, interleukin-4 (IL-4), IL-6, IL-10, and interferon-gamma, were all significantly
increased in human volunteer subjects after challenge with 0.2 mg DEP.

Several studies have suggested that DEP may act as an adjuvant for pollen allergy. Diaz-Sanchez
et al. (1997) found that in alergic human subjects, nasal IgE antibody response to ragweed
allergen was significantly elevated by co-exposure to DEP over ragweed alone. DEP may aso
influence antigen presentation or may act as a vector for submicron fragments of pollen grains
which would otherwise be too small to be deposited in human airways (Knox et al., 1997). It was
suggested that asthma outbreaks associated with thunderstorms might be triggered by exposure to
pollen allergens carried into the lungs by DEP (Frew and Salvi, 1997). In Japan, Ishizaki et al.
(1987) reported that residents living along intercity main streets lined with old cedar trees and
with heavy traffic had high incidence of cedar pollenosis compared with individuals living in cedar
forest areas with less traffic. Pollen countsin both areas were identical. The number of diesel
carsin usein Japan increased from 15,000 in 1951 to more than
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5 millionin 1983 (Muranaka et al., 1986). It was postulated that the increased air pollution
caused by diesdl vehicles was responsible for the higher incidence of cedar pollenosis.

In in vitro experiments human extract of PAHs from DEPs (PAH-DEP) enhanced the production
of IgE in purified human B cells prepared from blood mononuclear or tonsil cells (Takenaka et
al., 1995) and by 2C4/F3, a human Epstein-Barr virus transformed IgE producing B cell line
(Tsienet al., 1997). These studies were used to investigate the mechanism of PAH-DEP on IgE
production. Airway epithelial cells which probably play a pivotal role in the pathogenesis of
airway disease, are often used in mechanistic studies of air pollutant-induced airway diseases.
DEP increased the synthesis and release of pro-inflammatory mediators, including e cosanoids,
cytokines, and adhesion molecules by cultured human bronchial epithelial cells (Devaliaet al.,
1997). Teradaet al., (1997) found that DEP extracts enhanced human eosinophil adhesion to
nasal epithelial cells and caused eosinophil degranulation. Since eosinophil degranulation is
known to release mediators and proteins known to play important roles in the development of
nasal alergy (Teradaet al., 1992), the authors concluded that DEP can promote nasal eosinophil-
mediated hypersensitivity.

Although the increased worldwide prevalence of asthma and allergic diseases has often been
associated with the increased use of diesel fuel (Peterson and Saxon, 1996; Rusznak et al., 1994),
thereis only one report which directly relates the development of asthma with exposure to diesel
exhaust. Wade and Newman (1993) reported three railroad workers devel oping asthma following
excessive exposure to locomotive diesel emissions. Asthma diagnosis was based on various
symptoms such as pulmonary function tests, and measurement of airways hyperactivity to
methacholine or exercise. These workers had no previous history of asthma or other respiratory
disease and were not current smokers. The sensitizing and irritant properties of diesel oil and
their indicator dyes were investigated by Fisher and Bjarnason (1996). Tests on human subjects
failed to demonstrate contact allergy or contact urticariato the dyes or dyed diesdl ails.

4.3.2 ANIMAL STUDIES

Early studies yielded mixed results for immunologica effects of diesal in rodents, but these studies
did not specifically focus on alergic immune responses. For example, Bice et al. (1985) showed
that rats immunized with sheep erythrocytes (SRBC) and exposed to 3500, or 7000 ng/m® diesdl
exhaust for up to 24 months had significantly elevated anti-SRBC IgM antibody forming cellsin
the lung associated lymph nodes and spleen. The number of anti-SRBC IgM antibody forming
cells was not significantly increased in mice smilarly exposed. Total antibody production (IgM.
IgG, or IgA) was not significantly altered in either rats or mice. SRBC does not elicit an IgE
response and is not amodel for allergenicity. Theincrease in total lymphoid cellularity was not
explained, and the authors concluded a minimal effect of DEP on immune function.

Muranaka et al. (1986) found that the primary IgE antibody responses in BDF1 mice immunized

with asingle or repeated intraperitoneal injection of ovalbumin (OA) mixed with DEP or Japanese
cedar pollen (JCP) mixed with DEP were significantly higher than those in animals
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immunized with the antigens alone (OA or JCP, respectively). Similar results were obtained by
Takafuji et al. (1987) using the same protocol but applying the DEP (1 ng) intranasally in mice
every 3 weeksfor 15 weeks. These authors concluded that DEP is an adjuvant for IgE antibody
production. To investigate further the effects of DEP on IgE antibody production, Fujimaki et al.
(1994) injected BALB/c mice intratracheally with DEP (0.3 mg) mixed with an antigen, OA or
JCP. IL-4 levelsin the culture supernatants of mediastinal lymph node cells were significantly
increased in mice injected with DEP and OA, and DEP and JCP than those from mice injected
with the antigen done. Similar results were obtained in experiments performed intranasally (5ng
DEP) and by inhalation (0, 3 and 6 mg/m® DEP for three weeks) (Fujimaki et al., 1995, 1997).
They concluded that DEP given by the three routes (intratracheally, intranasally or by inhalation)
affects antigen-specific IgE antibody responses and enhances cytokine production. The adjuvant
effect of DEP and carbon black (CB) with the antigen OA was studied in BALB/c mice using the
popliteal lymph node assay (Lovik et al., 1997). A suspension of 5 mg/ml of DEP or CB was
used for footpad inoculation. The OA-specific IgE response was increased in mice receiving OA
and DEP or OA and CB when compared to the response in mice receiving OA aone. Both DEP
and CB had a significant adjuvant effect on the local immune-mediated inflammatory response and
on the systemic specific IgE response to the alergen OA.

Kobayashi et al. (1997) used arhinitis model of guinea pig to investigate whether short-term
exposure (3-hr) to DEP induces nasal mucosal hyperresponsiveness to histamine. Animals were
exposed to filtered air or to 1 and 3.2 mg/m* DEP. Using sneezing frequency, nasal secretion,
and intranasal airway resistance induced by histamine as indices of rhinorrhea and nasal
congestion, the authors concluded that short-term exposure to DEP potently induces nasa
hyperresponsiveness to histamine.

To study the effect of DEP on the production of granulocyte-macrophage colony stimulating
factor (GM-CSF), DEP (dose not given) was added to a culture of BEAS-2B cells (a bronchial
epithelial cell line). A “dose-dependent” increase in production of GM-CSF was observed
(Miyamoto, 1997). DEP administered transnasally to mice every 2 days for 2 weeks exhibited
increased airway responsiveness to acetylcholine compared to untreated controls. This response
was completely inhibited by goat anti-mouse GM-CSF antibody administered transnasally but not
subcutaneoudly. It is postulated that GM-CSF production causes airway inflammation and may
play arolein airway hyperreactivity and asthma (Miyamoto, 1997). Yang et al. (1997) found that
DEP or methanol extracts of DEP increased interleukin-1 (IL-1) production by rat alveolar
macrophages (AM) in vitro, but suppressed IL-1 and tumor necrosis factor (TNF-alpha)
production by DEP-pretreated AM in response to bacterial lipopolysaccharide (LPS). They
concluded that the suppressive response of DEP-pretreated AM to LPS stimulation may
contribute to the impairment of pulmonary defense system after DEP exposure.

Sagai et al. (1996) studied the “asthmarlike symptoms” induced in mice instilled intratracheally
(once/week for 16 weeks) with DEP (0.1-0.2 mg). There was a marked infiltration of eosinophils
in the submucosa of the proximal bronchi and medium bronchioles, proliferation of goblet cells,
increased mucus secretion, and increased respiratory resistance and airway constriction in mice
treated with DEP. These responses were significantly suppressed by pretreatment with
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polyethylene glycol-conjugated superoxide dismutase (PEG-SOD). These authors concluded that
airway inflammation caused by DEP could be due to superoxides and hydroxy radicals produced
by DEP because the toxic actions observed was reduced by pretreatment with PEG-SOD. Using
lung protein analyses and bronchoalveolar lavage supernatants (BALS), Takano et al. (1997)
reported the modulation of immune cytokines following intratracheal instillation of DEP ( 100 ng
in 0.1 ml of phosphate-buffered saline, weekly for 6 weeks) in mice. Interleukin-5 levels were
increased, aswere IL-4, IL-2, and GM-CSF compared to control levels. The inflammatory cells
present in the BALS, such as neutrophils, macrophages, eosinophils, and lymphocytes, all were
greatly increased when DEP was administered in conjunction with OA antigen, compared to
controls or either treatment alone. In addition, DEP exhibited adjuvant activity for antigen-
specific IgG and IgE. Similarly, Ichinose et al. (1997a) found that different strains of mice when
exposed intratracheally to DEP ( 0.1 or 0.2 mg in 0.1 ml saline buffer) exhibited enhanced allergic
airway inflammation, measured by eosinophil infiltration, IgE, and I1gG production in response to
OA. According to the authors, DEP may play arole in the mechanismsinvolved in allergic
asthma

4.3.3 SUMMARY OF IMMUNOLOGICAL EFFECTS

It is apparent from the recent allergy and immunology literature that diesel exhaust exposure can
result in measurable increases in IgE and 1gG antibody production, perturbed immunol ogical
cytokine regulation, localized inflammation and eosinophilic infiltration in lung and respiratory
tract tissues, particularly when the exposure accompanies other known respiratory allergens. In
human subjects and in human cells, DEP stimulated IgE antibody production and increased
MRNA for the pro-inflammatory cytokines. Co-exposure to DEP and ragweed pollen was
reported to significantly enhanced the IgE antibody response relative to ragweed pollen alone.
DEP aso enhanced the IgE antibody and cytokine production response to ovalbumin and
Japanese cedar pollen in anima models and increased nasal hyperresponsiveness to histamines.
There is some evidence that production of reactive oxygen species may be involved in the asthma-
like symptoms produced in mice by DEP exposure.

Although none of the studies evaluated have been designed to yield quantitative estimates of
diesdl particle concentrations for the purposes of determining a reference exposure level, the
potential relevance of these endpoints to public health is very high, due to reports of large
numbers of individuals with respiratory allergies and asthmain urban areas (Burney et al., 1990;
Corbo et al., 1993; Emanuel, 1988; Strachan and Anderson, 1992; Frew and Salvi, 1997).

4.4 APPROACHESUSED IN ESTABLISHING NON-CANCER HEALTH
LEVELS

The establishment of health levels by the U.S. EPA, WHO and OEHHA are all based on the
chronic rat study by Ishinishi et al. (1988) and other studies. The U.S.EPA used the
NOAEL/LOAEL approach where the NOAEL based on a human equivalent concentration from
an observed NOAEL obtained from Ishinishi et al. study, was divided by an uncertainty factor to
obtain the RfC of 5 ug/m>. A similar approach, also based on the Ishinishi et al. study, was used
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by the WHO to obtain a guidance value of 5.6 pg/m? . In addition, the WHO also obtained
benchmark concentrations (BCgs), from 2 to 3 pg/m?, using the Weibull model on several other
animal data sets. The OEHHA performed benchmark concentration cal culations using the log-
normal probit and Weibull models on the Ishinishi et al. (1988) data and obtained values ranging
from 2 to 21 ug/m®. The best point estimate within this range is 5 pg/m?, which the OEHHA is
recommending as the chronic REL. Thislevel issimilar to the U.S. EPA’s RfC.

441 THE U.S.EPA RFC

The documentation of the U.S.EPA RfC isfound in Appendix A. Appendix A indicates alowest
observed adverse effects level (LOAEL) for diesal exhaust of 0.3 mg/m?®, based on a human
equivalent concentration from an observed LOAEL of 0.96 mg/m?® in the Ishinishi et al. (1988)
study (see Table 4.6). The no observed adverse effects level (NOAEL) in that study was

0.46 mg/m®. These data were used by U.S.EPA to derive the non-cancer RfC for diesel. The
human equivalent concentration (HEC) to the NOAEL using a dosimetric adjustment for
physiological differences for particle deposition in the lung (Yu et al., 1990) is 0.16 mg/m°. The

Y u and Y oon model used by U.S.EPA apparently adjusts for the discontinuous exposures from
the Ishinishi et al. (1988) study, since no time-adjustment is included in the calculation of the RfC.

The U.S.EPA (1993) divided the NOAEL of 0.16 mg/m® by an uncertainty factor of 30 to obtain
the reference concentration (RfC) of 5 pg/m®. The uncertainty factor reflects a factor of 10 to
protect sensitive individuals. A factor of 3, instead of the customary value of 10, was used to
adjust for interspecies extrapolation because dosimetric adjustments based on a particle deposition
and retention model were applied. There is scientific support for the inclusion of an uncertainty
factor for species differences with diesel exhaust exposure. It has been reported that there are not
comparable studies as yet in the human that are sufficient to compare the macrophage particle
interaction in the human with the macrophage particle interaction in the rat (Dungworth, oral
testimony 1994). It istherefore not presently possible to ignore potentia interspecies differences
in toxicologica responses resulting from inflammation and hyperplasiafollowing diesel exhaust
inhalation. In addition, the recent studies in humans (Diaz-Sanchez et al., 1994; Takenaka et al.,
1995; Wade and Newman, 1993) showing allergic and asthmatic reactions to diesel exhaust
indicate potentia susceptibility of sensitive subpopulations to diesel exhaust, and further support
the retention of an interspecies uncertainty factor, since these effects have not been observed in
therat. Potential interspecies differences in toxicological responses resulting from immunological
effects following exposure to diesel exhaust should not be ignored. The available data appear to
support this position and argue for retention of an interspecies uncertainty factor for pulmonary
responses to diesdl. The resulting RfC is thus an estimate (with uncertainty spanning perhaps an
order of magnitude) of a safe daily inhaation exposure for the human population. This exposure
is expected to be without an appreciable risk of deleterious noncarcinogenic effects during a
lifetime.
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4.4.2 WORLD HEALTH ORGANIZATION (WHOQO) ANALYSES

Similar to the U.S. EPA RfC document, the World Health Organization (WHO, 1994) calculated
threshold concentrations for human health effects of diesal exhaust based on the Ishinishi et al.
study and other data. Also presented in the WHO (1994) document are various benchmark
concentrations using the Weibull model on severa data sets. These approaches are presented
below and the resulting analyses by WHO are shown in Table 4.7.

Several other studies indicate lower thresholds (based on benchmark analyses) for different
endpoints. The Creutzenberg et al. (1990) study in rats indicates that impaired lung clearance and
neutrophil infiltration occurred at 0.45 mg/m®. A study by Nikulaet al. (1995) indicates that an
18-month exposure of female rats to 2.44 mg/m?® diesel exhaust resulted in 100% incidence of
alveolar macrophage and epithelia hyperplasa. NOAELs were not determined in the above 2
studies.

Benchmark concentration (BCys) calculations based on deep-lung clearance and aveolar
inflammation measured by neutrophil infiltration yield threshold estimates for the onset of non-
cancer adverse effectsin rats from 2 to 3 ng/m* (Creutzenberg et al., 1990; Henderson et al.,
1988, cited in World Health Organization, 1994). Table 4.7 illustrates the proposed guidance
values from WHO (1994) together with their scientific bases. These estimates also consider the
interspecies dosimetry adjustments of Yu et al. (1990) used by U.S.EPA in the calculation of the
RfC. As can be seen from Table 4.7, the absence of dosimetric adjustments results in guidance
concentrations (0.9 to 6.3 ng/m®) that form a range consistent with the U.S.EPA RfC. However,
these estimates contain considerable uncertainty. From the results of the WHO (1994) analysis,
pulmonary alveolar inflammation and impaired deep-lung clearance appear to be the most
sengitive endpointsin rats. The Ishinishi et al. (1988) study was selected by U.S.EPA as the best
overall study for determination of the RfC after considering sample size, sensitivity of endpoint,
clear dose-response, and consideration of particle size through use of 2 different grades of diesel
exhaust.

Continuity of exposure is apparently an important factor in determining severity of the outcome,
asillustrated when comparing the results of Creutzenberg et al. (1990) to the results of Griffis et
al. (1983) for rats. The results by Creutzenberg et al. mentioned above were significant at lower
concentrations due to the longer duration of exposure each day (19 hours/day vs. 7 hours/day).

4.4.3 OEHHA ANALYSES

For comparison with the traditional NOAEL approach given by U.S.EPA, and the benchmark
concentrations derived by the WHO, OEHHA performed benchmark concentration calculations
using log-normal probit and Weibull models with the female rat data from Ishinishi et al. (1988).
A benchmark concentration has greater precision than aNOAEL at estimating a true threshold
response in the animal population. The result of using this more precise methodology isa
reduction in the total uncertainty involved in extrapolating to a threshold of response for
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sensitive individuals. OEHHA proposes that the typical 10-fold uncertainty factor between
interspecies differences be reduced to 3-fold which is consistent with U.S. EPA practices.

In the Ishinishi et al. study, exposure duration was adjusted for continuity (16 hours/day, 6
days/week). An uncertainty factor of 30 was used; 10 for sensitive individuals and 3 for species
dosimetry and response differences. Heavy duty diesdl was determined to be more potent than
the LD diesal for induction of hyperplastic lesions in rats using the log-normal probit analysis.
Female rat data were suitable for the analysis, while male only, or combined male and female data
were not. The dose-response relationship of diesel-induced lung hyperplasiain the males exposed
to HD was not well modeled by the log-normal probit relationship, particularly at extrapolated
low doses. For example, the 95% lower confidence limit on the MLEy; using the male HD data
was 2.3 x 10° ng/m?®, or afactor of 4.4 x 10° below the MLE. Thisis partialy due to the shallow
dose-response slope from the male rat data. Furthermore, atest for the acceptance of combining
data sets using maximum likelihood estimates from the log-normal analysis indicated that the male
and femal e data sets should not be combined (Stiteler et al., 1993). The test for combining the
data sets is shown below:

Data Set Maximum Log Likelihood
Combined -153.961
Femde -85.129
Mae -65.297

The natural logarithm of the Generalized Likelihood Ratio (GLR) is
[-153.961 - (-85.129 + -65.297)] = -3.535.

The likelihood ratio test statistic is calculated as
-2(InGLR) = 7.07

The chi-square test for one degree of freedom resultsin p = 0.008. Therefore the datasets
should not be combined.

For the above reasons, the female rat HD diesel data were used to determine the
benchmark concentration for diesel exhaust. Similar sex-dependent responses were
observed in both the light and heavy duty diesel experiments.

Consonant with U.S.EPA and the World Health Organization, the OEHHA staff acknowledge a
reasonable range of reference concentrations derived from the Ishinishi et al. (1988) study from 2
to 21 ng/m°. Table 4.8 illustrates the resulting benchmark concentration calculations for diesel
exhaust, based on the Ishinishi et al. (1988) study. The best point estimate within this range
recommended by OEHHA is 5 ng/m® (U.S.EPA RfC, 1993; see Appendix A).
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45  Existing U.SEEPA PM,s Standard

The U.S.EPA has proposed an annual average standard for airborne particulate matter less than
2.5 microns (PM2s) of 15 my/m® (U.S.EPA, 1996). The new standards are proposed to protect
against awide range of PM-related health effects, including premature mortality; increased
hospitalizations and emergency room visits; increased respiratory symptoms and disease;
decreased lung function; and alterations in lung tissue and respiratory defense mechanisms. Of the
several dozen epidemiological studies conducted between 1988 and 1996, most support the
proposal for more stringent standards.

Any reference exposure level for diesel exhaust must be considered within the framework of the
standard for particulate air pollution. Diesel exhaust particles are fine, falling typically below 1
micron in diameter. Increasingly, fine suspended particul ates are being ascribed the greatest
potency in inducing particle-related health effects (U.S.EPA, 1996). Therefore, although
OEHHA has determined a range of concentrations of diesel particles (2 - 21 ngy/m®) that would
form avalid REL, any REL derived for diesel particles should not exceed the federal standard for
fine particulates (15 ng/m°®). The U.S.EPA RfC for diesel exhaust of 5 my/m? is consistent with
this limitation.

4.6 CONCLUSION

The human epidemiology, case study, and clinical |aboratory data indicate that diesel exhaust
particles likely cause or aggravate a variety of adverse non-cancer respiratory effects in humans
including impaired lung function, asthma and allergic reactions, in addition to general respiratory
irritation. However, the literature on human health effects does not allow for a quantitative
derivation of areference exposure level for diesel exhaust at the current time. Therefore, it is
appropriate to utilize data from experimental animals. The U.S.EPA has appropriately determined
areference exposure level based on the chronic rat study by Ishinishi et al. (1988) as the basis for
the RfC for diesel exhaust. OEHHA recommends 5 mg/m® (U.S.EPA RfC, 1993; see Appendix A
for full text) as areference exposure level for diesel exhaust.
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Table4.1 Animal Non-Cancer Effects After Single-Dose Exposur e to Light-Duty Diesel Engine Exhaust.

Exposure Animal Effects/Observations Reference
Species
Intratracheal Instillation
One group of animals received either asingle intratracheal Male Fischer 3, 6 and 12 mg/kg DPE: Animals exhibited a dose-dependent Chen, 1986
instillation of diesel particulate extract (DPE) (3, 6, or 12 mg/kg) or 344 rats increasein lung aryl hydrocarbon hydroxylase (AHH) activity, JAppl Toxicol 6(4):
benzo[a]pyrene (BaP) (0.15, 1, 3, 5 mg/kg) and was sacrificed 24 which peaked after 24 hours and returned to basal levels after 48 259-262
hours later. The second group received a single dose of either DPE hours. No effect on liver AHH levels.
(12 mg/kg) or BaP (5 mg/kg) and was sacrificed 12, 24, 48, 72, or 0.15-5 mg/kg BaP: Large, saturating dose-dependent increase in
144 hours later. lung AHH activity, peaking 12 hours after administration and
remaining elevated for seven days. Dose-dependent increase in
liver AHH activity, which peaked 24 hours after administration
and quickly returned to control levels.
Groups examined for lung endothelial cell injury consisted of 4 MaelCRmice  Animalstreated with 0.4 or 0.8 mg DEP had elevated (p < 0.05)  Ichinose et al., 1995
animals per group, receiving 0.8 mg diesel exhaust particles (DEP) lung water content compared with Norit control groups. Toxicology 99:153-
or activated carbon (Norit) and were sacrificed 0.5, 1, 2, 4, 6, 12, Endothelia cell injury in the lung was significant (p < 0.05) in 167.
and 24 hours later. Controls received phosphate buffered saline DEP-treated mice compared to Norit controls. Disruption and
(PBS) and werekilled 1 hour later. desquamation of type | pneumocytes occurred 6 hours after
administration of DEP. An influx of neutrophilsinto the alveali,
Animalsin groups of 5 were sacrificed 1, 2, 4, 6, 12, and 24 hours intra-alveolar hemorrhage, perivascular edemaand bronchiolar
after administration of 0.4 or 0.8 mg DEP, or 0.8 mg Norit to cell hypertrophy were seen in mice between 18 and 24 hours
determine water content in their lungs. Controls received 50 mm after DEP administration. Administration of Norit had no effect
PBS and were sacrificed 1 hour later. on bronchiolar cells or type | pneumaocytes.
Five animals per group were administered 0.4 mg DEP or Norit and
werekilled 4, 12, or 24 hours later for analysis of bronchial alveolar
lavage fluid (BALF). Controlswere sacrificed 24 hours after
exposure to PBS.
Groups of 4 guinea pigs were exposed to 0, 1.0, 10.0, or 20.0 Male Hartley DEP exposures resulted in dose-dependent elevationsin Kobayashi and Ito,
mg/kg DEP suspension in buffered saline viaintranasal cannula. Guinea Pigs intranasal pressure with or without histamine exposure. Nasal 1995
Eighty minutes after DEP exposure, animals were exposed to secretion was aso significantly elevated. DEP greatly increased ~ Fundam Appl

histamine aerosol for 10 minutes. Intranasal pressure and nasal
secretions were measured following histamine exposure.
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Table4.1 Anima Non-Cancer Effects After Single-Dose Exposure to Light-Duty Diesel Engine Exhaust (continued).

Exposure Animal Effects/Observations Reference
Species

Inhalation Exposure

Study examined susceptibility to infection of mice challenged with Female 6 mg/m® DEP: Only Streptococcus pyogenes infectivity after 6 Pepelko and

aerosol pathogens. Animals were exposed to 0 or 6 mg/m® of diessl  CR/CD-1mice  hour exposure was enhanced. Average mortality in controlswas ~ Peirano, 1983

exhaust particulate (DEP) for 2 .or 6 hours, 8, 15, or 16 days (8 h/d, 6.7% vs. 31.7% in exposed animals. JAmer Coll Toxicol

7d/wk).. Immediately thereafter, animals were exposed to aerosol 2(4) 253-306

containing Streptococcus pyogenes, Salmonella typhimurium, or

A/PR8-34 influenza virus. Source of DEP was from 2 Nissan CN 6-

33 diesal engines.

Lung function (airway resistance and compliance, diffusing capacity Male Animals exposed to unfiltered exhaust exhibited increased Ulfvarson et al.,

and alveolar volume) and morphol ogy was measured following a Chinchilla neutrophil infiltration into alveolar interseptal regions and 1995

single 5-hour inhalation exposure to diesel exhaust with and rabbits moderate inflammation of the large and small bronchi. A dlight AmJind Med

without filter traps. Concentrations ranged from approximately increase in inflammation was seen in both types of particle- 27:91-106

0.02 to 0.35 mg/cu m.

filtered exhaust. Airway resistance was increased from exposure
to either filtered or unfiltered exhaust. Lung compliance was
correlated with changes in particle concentration, and with
formal dehyde content (range: 0.052-0.10 mg/cu m), but not with
nitrogen dioxide concentrations (range: 2.6-4.7 mg/cu m).
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MAY 1998

Exposure Animal Effects/Observations Reference
Species

Light Duty Diesel Engine Inhalation Exposure

Animals were placed in a chamber and received nose- Male Sprague-  0.46 mg/m°DEP: Significant decrease in receptor surfaces for the Prasad et al., 1988

only exposure to a combination of diesel exhaust Dawley rats immunoglobulin 1gG and genera phagocytic activity of pulmonary JToxicol and Environ

particulate (DEP) and acid droplets (0.46 mg/m® DEP; microphages. Surface receptor activity began to recover after the Health 24: 385-402

0.38 mg/m® HNO;; 0.18 mg/m® H,S0O,) or purified air, 5 second day following exposure, while general phagocytic activity

h/d for 5 consecutive days. Animals were sacrificed 0, 1, showed no signs of recovery over the study period.

or 2 days after exposure. Source of DEP was asingle

cylinder diesdl engine burning Phillips No. 2 diesdl

control fuel.

Animals were exposed to 3.5 or 0 mg/m® DEP for 7 h/d, Femae F344 3.5 mg/m® DEP: Two inflammation mediators from aveolar cells Henderson, 1988a

5 d/wk for up to 17 days. Animals were sacrificed 2, 12,
and 17 days after exposure. Source of DEP were two
1980, 5.7 liter Oldsmobile diesel engines burning
Phillips D-2 diesel fuel.

Asabove.

Animals were exposed to 6 or 0 mg/m® DEP, 6 mg/m®
carbon black particulate, or 2 or 7 ppm NO, for 20 h/d, 7
d/wk for up to 14 days. Animals were sacrificed 1, 2, 3,
7, 11, or 14 days after exposure. Source of DEP was a
1982, 5.7 liter GM diesel engine (MMAD 0.19 pm).

rats (18-20 wks
old)

Femae B6CF;
mice (13 wks
old)

Male Fischer
rats

(prostaglandin F,, and leukotriene B,) were significantly increased
after 2 days, and decreased to near control levels by the 17th day. No
effect on body weight, wet lung weight, or the number and
distribution of cell typesin the bronchoal veolar lavage fluid (BALF).

3.5 mg/m® DEP:. Two inflammation mediators from alveolar cells
(prostaglandin F,, and leukotriene B,) were significantly increased
after 2 days, and decreased to near control levels by the 17th day.
Effects were not as severe asin rats. No effect on body or wet lung
weight. Increases in the total number of cells, and the concentration of
macrophages and neutrophilsin the BALF.

6 mg/m® DEP: DNA synthesis and alveolar type 1 cell labeling index
increased significantly after two days of exposure, and returned to
control levels after 7 days of exposure. There was aso a significant
increase in lung lipid metabolism after one day of exposure, which
then returned to normal.

6 mg/m° carbon black: No significant changes.

7 ppm NO,: Changes similar to those observed in animals exposed to
6 mg/m° of DEP.

Toxicol Letter 42:
325-332

Ibid

Wright, 1986

Exper Lung Res 10:
39-55.
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Table4.3 Animal Non-Cancer Effects After Subchronic (1 to 6 months) Exposure to Diesel Exhaust.

Exposure Animal Effects/Observations Reference
Species

Light Duty Diesel Engine Inhalation Exposure

Study was designed to measure spontaneous and forced Sprague- 6 mg/m® DEP: The overall activity of the exposed animals was significantly Pepelko and

activity in rats exposed to diesel exhaust particulates Dawley rats less than that in the control animals. Peirano, 1983

(DEP) after weaning. Matched pairs of animals, age 45 JAmer Coll

days, were monitored for baseline activity levelsfor 2 LOAEL =2 mg/m® Toxicol 2(4): 253-

weeks. Then, one member of each pair was exposed to 0 306

or 6 mg/m® of DEP for 16 weeks. Source of DEP was 2

Nissan CN 6-33 diesdl engines.

Animals were exposed to 0 or 6 mg/m® DEP for 8 h/d, 7 Female 6 mg/m® DEP: Slight increase in lung weights, vital capacity and CO (carbon  Ibid

d/wk for 3 months. Animals were then tested for lung CR/CD-1mice  monoxide) diffusing capacity (not significantly different from controls).

volume and diffusing capacity and then sacrificed. Source

of DEP was 2 Nissan CN 6-33 diesel engines. LOAEL =2 mg/m®

Animals were exposed to 0, 6, or 12 mg/m® DEP for 8 Male Chinese 6 and 12 mg/m® DEP: Dose-dependent significant increasein lung weight and ~ Pepelko and

h/d, 7 d/wk for 6 months. Animals were then tested for hamsters decrease in vital capacity and CO diffusing capacity. Microscopic evaluation Peirano, 1983

lung volume and diffusing capacity and then sacrificed. revealed hyperplasia of Type |l aveolar cells resulting in a thickening of JAm Coll Toxicol

Source of DEP was 2 Nissan CN 6-33 diesdl engines. alveolar lining. 2(4): 253-306

Vinegar et al.1981

LOAEL =2 mg/m® Env Int 5:369-371

Animals were exposed to 1.5, 0.75, or 0 mg/m® DEPfor ~ Mae Hartley 0.75 mg/m°® DEP: Examination of the lung revealed scattered clusters of pigmented Barnhart et al.,

20 h/d, 5.5 d/wk for up to 6 months. Animals were guinea pigs macrophages, cellular_uptak_e of_ DEP by_ epithel_ial type 1 cdlls, alveqlar qnd interstitial 1981

sacrificed after 2 weeks, 3 months, and 6 months. Source ?@?&fvﬁeﬂ%@m 'na‘;r?;ev\"g'se Z'nzdei?]rg numbg\r/g tﬁ;hd&aértyﬁgnfgﬁf JAppl Toxicol

of DEPwas a 1978, 5.7 liter Oldsmobile diesel engine y ’ cased - Vb 1(2): 88-103

burning Amoco type 2D federal compliance fuel
(MMAD 0.19 um).

analyses revealed significant increases in total lung tissue volume and mean tissue
thickness of the air-blood barrier (primarily due to increase of interstitial and epithelial
type 2 cells). Some of these effects peaked after 2 weeks, and then began to return to
normal. Gas exchange function of the lung appear unimpaired.

1.5 mg/m® DEP: Effects on the structure of the lung were similar to, but more severe
than, those observed in the lower exposure group. However, some of the morphometric
changes were less severe in these animals, suggesting possible adaptive responses.

LOAEL = 0.49 mg/m®
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Table 4.3 Animal Non-Cancer Effects After Subchronic (1 to 6 months) Exposure to Diesel Exhaust (continued).

Exposure Animal Effects/Observations Reference
Species
Heavy Duty Diesel Engine Inhalation Exposure
Animals were exposed to 0 or 2 mg/m® DEPfor 7h/d, 5  FemaleCD-1 2 mg/m’ DEP: Lewis, et al., 1986
d/wk for 1, 3 or 6 months. Animalsweretheninoculated  mice 1 month exposure: No significant difference between exposed and controlson  In: Carcinogenic
intranasally with AO/PR/8/34 influenza virus. Sacrifice lung morphology and animal mortality. and Mutagenic
times were not stated in the report. Source of DEP was a 3 month exposure: Significantly more mice in the exposed group exhibited Effects of Diesel
Caterpillar Model 3304 diesel engine. lung consolidation. No difference in mortality. Engine Exhaust.
6 month exposure: Hemaglutinin antibody levels were significantly less than Eds: Ishinishi et al.
in controls. No difference in mortality. pp. 361-380
LOAEL = 0.41 mg/m®
As above, but examined only animals exposed for one Female CD-1 Specific activities of two cytochrome P-450 mono-oxygeneses (7- Rabovsky et al.,
month. Animals exposed intranasally were sacrificedat 8 mice ethoxycoumarin (7EC) and ethylmorphine demethylase (EMD)) and NADPH 1986
hours and then daily at 1 and 8 days after exposure. cytochrome c reductase (NCR) in liver microsomes were monitored. In Env Res 40:136-
animals affected with influenza virus pre-exposure to DEP reduced or 144
abolished theincrease in EMD and NCR but 7EC was not affected.
LOAEL = 0.4 mg/m®
Animals were exposed to 2.0 or 0 mg/m*® DEP for 7 h/d, Female CD-1 2.0 mg/m® DEP: The severity of influenza virus infection was more Hahon et al., 1985
5 d/wk for up to 6 months. Animals were exposed for 1, mice pronounced in mice previously exposed to DEP than in control animals. There  Environ Res 37:

3, or 6 months, removed and inoculated intranasally with
0.05 ml of influenza virus, and then sacrificed 0 to 11
days later. Source of DEP was a Caterpillar diesel engine
burning # 2 diesdl fudl.

was significantly higher numbers of animals with virus-induced lung
consolidation, higher peak levels of virus multiplication, lower levels of
interferon in both lung and serum, and lower levels of hemaglutinin antibody.
These effects were prominent in mice exposed for either 3 or 6 months, but not
in mice exposed for only 1 month.

LOAEL = 0.42 mg/m®

44-60
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Table4.4 Animal Non-Cancer Effects After Chronic (7 to 27 month) Exposureto Diesel Exhaust.

Exposure Animal Effects/Observations Reference

Species
Light Duty Diesel Engine Inhalation Exposure
Animals were exposed to 0, 2.44 or 6.33 mg/m” diesel Male and DEP exposure resulted in increased incidence and severity of alveolar Nikulaet al.,
exhaust particles (DEP) beginning at 7-9 weeks of age. Female F344/N  macrophage hyperplasia, alveolar epithelial hyperplasia, chronic-active 1995 Fundam Appl
Exposures were for 16 h/day, 5 diwk for 24 months. rats inflammation, septal fibrosis, alveolar proteinosis, bronchiolar-aveolar Toxicol 25: 80-94
Groups consisted of 114 to 118 animals/sex. Seria metaplasia, and focal fibrosis with epithelial hyperplasiain animals examined 3
sacrifices were performed at 3, 6, 12, 18, and 23 months to 23 months afer exposure. In addition, DEP exposure resulted in increased
for lung histopathology examination. lung weight, compared to controls. Carbon black particles were less potent in

inducing these non-cancerous lesions.

Starting at 18 weeks, animals ( 50 rats in each of four Male and Lessdiesel soot accumulated in the lungs of the emphysematous rats, but none Mauderly et al.,
study groups) were exposed to 3.5 or 0 mg/m® of diesel Female of sixty-three measured parameters indicated increased susceptibility to 1990a Am Rev
exhaust particles (as soot) for 7 h/d, 5 d/wk for 24 F344/Crl rats emphysema. Measurements included pulmonary function, cytology and Respir Dis 141.:
months. 6 weeks prior to exposure, intratracheal enzymes in brochoalveolar lavage fluid, lung tissue collagen, immune 1333-1341
instillation of elastase induce mild emphysemain one responses in pulmonary lumph nodes, clearance of inhaled radiolabeled tracer
half of therats.. Animalsfrom each group were particles, excised lung weight and volume, histopathology and terminal air
sacrificed after 6, 12, 18, and 24 months. Source of DEP space size. Accumulation of soot in lungs was accompanied by progressive
was 1980, 5.7 liter Oldsmobile diesel engines burning a focal, fibrotic and proliferative lesions. These effects were less severe in the
standardized fuel (D-2 Diesdl Control Fuel). emphysematous lungs.
Animals were exposed to 1.5 or 0 mg/m® DEP for 20 Male Harley 1.5 mg/m® DEP: significant increases in the total number of interstital cellsand ~ Wallace et al., 1987¢
h/d, 5.5 d/wk for 18 months. Source of DEPwasa 1978  guineapigs mononuclear cellsin the aveolar regions of the lungs. No effect on the cellular ~ Scanning Microscopy
Oldsmobile diesel engine burning Amoco typ 2D diesdl population of aveolar capillaries. 1(3): 1387-1395
fuel. Adjusted LOAEL = 1 mg/m®
As above, except that animals were exposed to 6.0, 1.5, Male Fischer Transmission electron microscopy was used to determine the effect of DEP on
or 0 mg/m® DEP and were serially sacrificed after 2 rats the alveolar region of the lungs.

weeks, 6 weeks, 10 week, or 18 months.

1.5 and 6.0 mg/m® DEP: Significant increases in the volume density of the
interstitium, alveolar macrophages, cellular content, and interstitial space after
10 weeks and 18 months of exposure. Significant increases in the total number
of interdtitial cells, fibroblasts, and mononuclear cells in these two exposed
groups when compared to controls.

Adjusted LOAEL = 1 mg/m®
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Table 4.4 Animal Non-Cancer Effects After Chronic (7 to 27 month) Exposure to Diesel Exhaust (continued).

Exposure Animal
Species

Effects/Observations

Reference

Starting at 13 months, animals were exposedto 6.340or 0  Male cats
mg/m® DEPfor 8 h/d, 7 d/wk for 61 weeks, and then

exposed to 11.7 or 0 mg/m* DEP for 8 h/d, 7 d/wk for 62

weeks, for atotal of 27 months of exposure. A subgroup

of animals was sacrificed after 27 months. Remaining

animals were placed in clean air chambers for 6 months

and sacrificed 33 months after the start of the experiment.

Source of DEP was a Nissan CN6-33 engine burning

number 2 diesel fuel.

Animals were exposed to 0 or 6 mg/m® DEPfor8h/d, 7 Malecats
d/wk for 1 year, then continued exposure for an additional

15 months at 12 mg/m®. Source of DEP was 2 Nissan CN

6-33 diesdl engines.

6 and 12 mg/m® DEP: there was a decrease in lung weight in exposed animals
sacrificed after 27 months, and an increase in lung weight and decrease in lung
volume in exposed animals sacrificed after 33 months. The bronchiolar
epithelium of exposed animals showed micronodular proliferations, composed
primarily of nonciliated cells, numerous ciliated cells, increased cuboidal cell-
lined outpockets of bronchiolar walls, and aggregations of alveolar
macrophages within alveoli of brochioloes. All of these effects showed some
recovery in animals allowed six months exposure to clean air. However,
peribronchiolar connective tissue fibrosis and related lung collagen levels
continued to increase in these animals, although this group showed
significantly fewer fibroblasts than animals without this recovery peroid. This
connective tissue was filled with particle laden macrophages in both exposed
groups. Lymphocytes were increaed in the group with no recovery period,
while those with arecovery period had more eosinophils and anorphous matrix.
Eosinophils were reduced in both groups when compared to controls.

6 mg/m® DEP: At one year, there were no observable changes in lung function.
12 mg/m® DEP: At two years there was awell -defined response including
decreased lung volume, peak expiratory flow rate, diffusing capacity and an
increase in nitrogen in expired air at 25% of vital capacity. Microscopic
evaluation of bronchioles revealed hyperplasia of epithelial cells, increased
numbers of intraluminal inflammatory cells, presence of ciliated céellsin the
epithelium, and an increase in the number of bronchoalveolar communications.
Simple cuboidal nonciliated broncholar cells were replaced by pseudo-stratified
columnar epithelium. Blood and serum biochemistry evalustions did not show
any consistent effects.

4-28
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Table 4.4 Animal Non-Cancer Effects After Chronic (7 to 27 month) Exposure to Diesel Exhaust (continued).

Exposure Animal Effects/Observations Reference
Species

Animals were exposed to 1.5, 0.25, or 0 mg/m® DEP for Hartley guinea  0.25 mg/m®> DEP: Animals exhibited a significant increase in pulmonary Chaudhari et al.,
20 h/d, 5.5 d/wk for upto 1 year. Animalswere pigs prostaglandin dehyrogenase (PGDH) activity after 1.5 months, which decreased 1981 J Appl Toxicol
sacrificed after 1.5, 3, 6 or 12 months. Source of DEP thereafter. Levelsdid not differ significantly from controls at 1 year. 1(2): 132-134
was a GM 1978 production model diesel engine burning (methods described il
AMOCO type 2D diesd fuel. Schreck, 1981)

1.5 mg/m® DEP: Animals exhibited a significant decrease in PGDH activity at

1.5, 3 and 6 month timepoints. However, levels did not differ from controls at

1year.

Adjusted LOAEL = 0.16 mg/m°
Animals were exposed to 1.5, 0.75, or 0 mg/m® DEPfor ~ Male Fischer- 1.5 mg/m® DEP: Animals exhibited aslight but significant increasein liver Chen and Vostd,
20 h/d, 5.5 diwk for up to 9 months and sacrificed after 1, 344 rats aryl hydrocarbon hydroxlase (AHH) activity, and adight decreasein liver 1981 JAppl Toxicol
3, 6 or 9 months. Source of DEP wasa GM 1978 cytochrome P-450 after 1 month. These changes were not observed in animals 127-131 (methods
production model diesel engine burning AMOCO type exposed to 0.75 mg/m® DEP. described in Schreck,
2D diesdl fuel. 1981)

Adjust LOAEL = 1 mg/m®
Animals were exposed to 0, 0.25, 0.75, or 1.5 mg/m DEP  Male Fischer 0.25, 0.75, and 1.5 mg/m> DEP: Pulmonary microsome metabolic abilities, as Navarro, et al., 1981
for 20 h/d, 5.5 d/wk for up to 1 year. Animalswere rats mesasured by generation of BaP polar metabolites, wasimpaired at 1 year after ~ JAppl Toxicol 1(2)
sacrificed at various timepoints during exposure to exposure. No ateration in liver microsome oxidation ability, levels of 124-126
determine effect of exposure on hepatic and pulmonary cytochrom P-450, P-448, or NADPH-dependent cytochrome and reductase was
microsomal activity. observed in DEP-exposed animals.

Adjusted LOAEL = 0.16 mg/m°
Animals were exposed to 0, or 2 mg/m® diesel exhaust Male Results of exposed monkeys showed a significant increase in mild pulmonary Lewiset al. 1986
alone or in combination with coal dust 7 h/day, 5 d/week, cynomolgus acute and chronic inflammatory responses. Exposed animals also exhibited Dev Toxicol Environ
for up to 24 months monkeys reduced pulmonary flow rate (obstructive disease), but not reduced lung volume  Sci 13: 361-380.

(restrictive disease). The obstructive responses began to occur significantly after
12 months of DEP exposure.

Adjusted LOAEL = 0.4 mg/m®
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Table 4.4 Animal Non-Cancer Effects After Chronic (7 to 27 month) Exposure to Diesel Exhaust (continued).

Exposure Animal Effects/Observations Reference
Species
Heavy Duty Diesel Engine Inhalation Exposure
Starting at three weeks, animals were exposedto 2.0or0  Maeand 2.0 mg/m® DEP: Focal accumulation of particle-laden alveolar macrophages Vallyathan et al.,
mg/m® DEPfor 7 h/d, 5 d/wk for 24 months (MMAD female Fischer  associated with mild type |1 cell hyperplasia of the alveolar lining cells. 1986
0.23 mm). Source of DEP was afour cylinder Caterpillar 344 rats, 7-8 Pigmented macrophages were observed in the interstitium, but there was no JToxicol and Envirol
diesel engine burning number 2 diesel fuel. weeks old fibrosis. Therewas also an insignificant increase in the thickness of the Headlth 19: 33-41
pulmonary artery walls. No effect on heart and body weight.
Adjusted LOAEL = 0.4 mg/m®
Animals were exposed to 2.0 or 0 mg/m® DEP for 7 h/d, Male Fischer 2.0 mg/m® Exposed animals exhibited decreased alveolar macrophage (AM) Castranovaet al.,
5 diwk for 2 years (MMAD 0.23-0.36 nm). Exposure 344 rats volume, athough their number remained the same; there was no effect on AM 1985 Environ Res 36

were conducted during the dark period of the light/dark
cycle. Animalswere sacrificed after 24 months. Source
of DEP was a Caterpillar 3304 diesel engine burning
number 2 diesel fuel.

membrane integrity, oxygen consumption, or protein synthesis; the only effect
on lysosomal enzymes was an increase in beta-N-acetyl glucosaminidase
activity. Exposure to DEP depressed chemiluminescence generated by AM at
rest and decreased AM phagocytic activity. Viability of AM was not
decreased.

Adjusted LOAEL = 0.4 mg/m®

405-419
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Table4.5 Summary of the Reproductive and Developmental Effects of Diesel Exhaust Exposure.

Exposure Species Observations Reference
Male Reproductive Studies

Sperm Abnormalities Study: Male mice were exposedto cleanairor6 ~ Male Strain A mice No difference in the proportion of sperm abnormalities Pereiraet al.,
mg/m® DEP 8 h/d, 7 d/iwk for 31 or 39 weeks. These exposure periods between control and exposure group. 1981 Environ
were chosen since they represent approx. 6 and 8 complete Int 5:439-443
spermatogenic cycles. Animals were sacrificed at the end of exposure

and sperm shapes were analyzed from preparations of excised cauda

epidiymides.

Sperm Abnormalities Study: Male hamsters were exposed to clean air Male Chinese A 2.67 fold-increase in sperm abnormalitieswas observed  Pereiraet al.,
or 6 mg/m® DEP for 8 h/d for 6 months. Animals were sacrificed at the  hamsters in DEP exposed animals 1981 Environ
end of the exposure period. Percentage of abnormal sperm was Int 5:459-60
recorded.

Point mutation study: Groups of male mice were exposed to 6 mg/m® (101 x CsH)F, or (CsH  No evidence of mutations Pepelko and
DEP, 8 h/d, 7 diwk for 5 or 10 weeks. Males were then mated to 4 x 101)F; hybrid male Peirano, 1983 J
multiple recessive "T" stock females. These females were homozygous  and ‘T’ Stock female Amer Call
recessive for seven phenotypic traits. Maes were supplied with 4 new mice Toxicol
females once per week for 4-5 weeks. 2(4)253-306
Diesdl particles were generated by 6 cylinder Nissan engine run on

Federal Short Cycle. BaP concentration 16 ug/g diesel particle.

Induction of dominant lethal mutations: "T" stock male and No differences were observed in the number of females ibid

Male mice were exposed to clean air or 6 mg/m*DEP, 8 h/d, 7 d/wk for
7.5 weeks. Each exposure group was randomized into 4 subgroups.
Each subgroup was mated with one of 4 different stocks of females..
Each male was caged with 2 females. Mated females were replaced
with new ones. The mating period was for 7 consecutive days. Mated
femaleswerekilled on day 12-15 of gestation and evaluated for number
of implants, dead implants and live embryos.

(CsH x 101)F;; (SEC x
C57BL)F,, (CsH x
C57BL)F;, or "T"
stock female mice

4-31

pregnant, the number of implants/female, the number
living embryos/female, or the percent dead implants
between controls and DEP exposed groups. No evidence
of dominant lethal mutationsin male germ cells.
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Table 4.5 Summary of the Reproductive and Developmental Effects of Diesel Exhaust Exposure (continued).

Exposure Species Observations Reference

Male Reproductive Studies (continued)

Heritable transl ocation mutations: Male mice were caged with 3 (SEC ~ Male stock "T" and No difference between control and exposure frequencies. ibid

x C57BL)F; females prior to exposure to produce offspring for (SEC x C57BL)F; No evidence of tranglocation mutations.

estimating control frequency of trandocations. After pre-exposure female mice

mating, males were exposed to clean air or 6 mg/m® DEP, 8 h/d, 7d/wk

for 4.5 weeks. Exposed males were then caged with 2 (SEC x

C57BL)F, femalesfor 1 week. All male progeny were tested for

sterility and partial sterility.

Spermatogonial Survival: Male mice were exposed to clean air or 6 HybridmaleJH andH  No effects of diesel exhaust exposure were observed. ibid

mg/m°® DEP 8 h/d, 7d/wk for 5 or 10 weeks. Animals were killed strains

shortly after exposure was terminated and testes were eval uated

histologically. Eight spermatogonial stages and preleptotene

spermatocytes were enumerated.

Diesel particulate suspended in corn oil was administered daily by (C57B1/6 x C3H)FL mae  Statistically significant increases in sperm abnormalities were Quinto and

intraperitoneal injection (i.p.) for 5 daysto male mice at doses of 50, 100 and mice (12 weeks of age) noted in treated animals. Decrease in sperm number was observed  DeMarinis, 1984

200 mg/kg. Percentage of teratospermia, testicular weights and sperm counts in the 200 mg/kg group but testicular weight was not affected. Mutat Res

were scored. 130:242

Induction of dominant lethal mutations: Rats were exposed to 0 or 2 Fischer 344 rats, The number of uterine live implants, dead implants and Lewiset d,

mg/m® DEP 7 h/d, 5 d/wk for 6 months. Following exposure males weanling males preimplantation losses were equival ent between the 1986 In:

were cohabited with 3 females for 7 consecutive days after which 2 treatment groups indicating no dominant lethal effects Carcinogenic

additional females were added. Source of diesel exhaust was a425in®, were observed. and Mutagenic

7 liter Caterpillar engine (Model 3304), MMAD 0.23 - 0.36 um. Effects of
Diesdl Engine
Exhaust. Eds:
Ishinishi et al.,
pp 361-380.

Semen evaluations. Cynomol ogus male monkeys were exposed by Cynomolgus male No statistically significant distributional difference were ibid

inhalation for 7 hd, 5d/wk for 24 monthsto 0 or 2 mg/m® DEP. Sperm  monkeys (Macaca observed between the treatment groups for any of the

analyses were performed after recovering a sample of spermatozoafrom fascicularis) spermatogenic indices eval uated.

the left cauda epidiymides of 59 monkeys. Sperm counts, motility,
velocity and sperm head morphology were evaluated.
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Table 4.5 Summary of the Reproductive and Developmental Effects of Diesel Exhaust Exposure (continued).

Exposure Species Observations Reference
Male Reproductive Studies (continued)

Dominant lethal mutation study: Animals were exposed to tank-generated diesel ~ Sprague-Dawley male No exposure related effects were observed. Callahan et al.,
exhaust/smoke (2,340 mg/m®), exhaust only (6 mg/m?), or tank noiseonly 150r  rats 1986 Chemical
60 min/d, 5 d/wk for 10 weeks. Each male was placed with 2 females for 5 days. Research and
Females were replaced with 2 fresh females for another 5 days. Pregnancy rate Development
and fetal viability were assessed on day 11 of gestation. Source of diesel exhaust Center Report
wasaM60A1 tank (MMAD 0.29 um)

Female Reproductive Studies

Induction of genetic effects and oocyte killing study. Female micewereexposed  Female (SEC x C57BL)F;  Similar pregnancy rates (85% vs 86%) and average litter sizes Pepelko and

to clean air or 6 mg/m® DEP 8 hd, 7d/wk for 8 weeks. Each female was caged and male (C3H x 101)F; (11.4 vs 11.4) were observed between groups. No evidence of Peirano, 1983 J
with 1 (CsH x 101)F; male. Reproductive success was determined by the size of mice chromosomal or cytotoxic effects in oocytes. Amer Coll

the litter.

Dominant lethal mutation induction study. Female mice were exposed to clean
air or 6 mg/m® DEP for 8 h/d, 7d/wk for 7 weeks. Females were caged with (101
X C3H)F1 males. At approximately 14 days of gestation females were killed and
evaluated for successful mating, corpora lutea (i.e. estimation of the number of
ovaovulated), number of live embryos, preimplantation loss, postimplantation
loss, and mean time between caging and copulation (i.e. mating interval).

Teratogenicity Studies

Animals were exposed to clean air or 6 mg/m® DEP 8 h/d during day 5 through
16 of gestation. Animals were killed 1 day before the predicted parturition date
and fetuses were examined for grossinternal and skeletal abnormalities. In
addition to abnormalities, the following parameters were also recorded: total
number of fetuses, number of implantation sites, number of corporalutea,
distribution of fetuses in the uterine horns, gross pathology of the dam,
individual fetal weight, litter weights and sex ratio of the offspring.

As above

Female (101 x C3H)F,
and male (101 x CsH)Fy
mice

Sprague Dawley rats

New Zealand White
Rabbits

4-33

No significant differences were found between groups for the
parameters: successful mating (% of matings resulting in
pregnancy); number of live embryos; preimplantation loss and
postimplantation loss. Therefore, no evidence of dominant lethal
effects was observed. The diesel exposed females, however, did
have signifcantly fewer corpora lutea per female than did controls,
9.37 vs 10.85 (p<0.0001). Diesel exposed females also exhibited
longer mating intervals than controls, 4.42 days vs 2.94 days
(p<0.016).

None of the reproductive parameters assessed differed
significantly between control and DEP exposure groups. No
conclusive effects were noted for either fetal viscera or skeletal
abnormalities.

None of the reproductive parameters assessed differed
significantly between control and diesel exhaust exposure groups.
No conclusive effects were noted for either fetal visceral or
skeletal abnormalities.

Toxicol 2(4)253-
306

ibid

Pepelko and
Peirano, 1983 J
Amer Coll
Toxicol 2(4)253-
306

ibid
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Table 4.5 Summary of the Reproductive and Developmental Effects of Diesel Exhaust Exposure (continued).

Exposure Species Observations Reference
Female Reproductive Studies (continued)

Pregnant animals were exposed to tank-generated diesel exhaust/smoke  Sprague-Dawley rats Sites of retarded ossification were found to be significantly  Callahan et al.,
(2,340 mg/m?), diesel exhaust only (6 mg/m°) or tank noise for 60 higher in the vertebral columns, ribs and sternums of pups 1986 Chemical
min/d, from day 6 through 15 of gestation. Pregnant animals were exposed to emissions than those exposed to tank noise Research and
killed on day 20 of gestations and the fetuses were removed and only suggesting fetal toxicity and/or delayed development.  Development
evaluated for viability, sex, weight, visceral anomalies and skeletal Center Report
anomalies.

Source of diesel exhaust was a M60A1 tank (MMAD 0.29 um)

Generational Studies

Animals were exposed to clean air or 12 mg/m® DEP for 8 h/d, 7 d/wk.  CD-1 mice Body weight: generally no difference between exposure Pepelko and

Fo, and F; generation males and females were exposed for 100 days groupsin the Fy and F; generations. Some depression in Peirano, 1983 J
prior to breeding. At start of breeding 1 male was housed with 1 the F, generation. Amer Call
female. 100 male-female pairs were randomly assigned to 4 exposure Fertility data: no differences between exposure groups Toxicol

groups (see p. 292). Pairing was continued until evidence of a were detected for any of the parameters. Parameters 2(4)253-306
copulatory plug or until 15 consecutive days had elapsed. Breeding measured: gestation length, % fertile, mean litter size at

males were killed 10 days after evidence of mating. Breeding females birth, and % pup survival at day 1, 4, and 21.

were removed and killed when litters reached weaning age. Remaining Only consistent change was an increase in the lung weight

F, mice not designated for breeding were kept in their respective of the diesel exposed groups which was accompanied by a

exposure environments for 176 to 196 days and then killed. F, offspring gross pathologica diagnosis of anthracosis.

were kept in their respective exposure environments until 42 days of

age and then killed.

Male animals were exposed to tank-generated diesel exhaust/smoke Sprague-Dawley rats No differences between control and exposed groupswere  Callahan et a,
(2,340 mg/m®), diesel exhaust only (6 mg/m®) or tank noise for 15 or 60 observed regarding mating, the period of gestation, deliver 1986 Chemical
min/d, 5 d/wk for 10 weeks. Female animals were exposed to the same and care of neonates. Temporary decrease of body weight ~ Research and
environments for the last 3 weeks of male exposure period. In the week was noted in neonates of treated animals, but the effect Development
following exposure 2 females were caged with each male. The females was no longer apparent at 21 days of age. Center Report

were then returned to their daily exposure environments through
weaning of their neonates (the neonates were not exposed). Source of
diesel exhaust was a M60A 1 tank (MMAD 0.29 um)
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Table 4.5 Summary of the Reproductive and Developmental Effects of Diesel Exhaust Exposure (continued).

Exposure Species Observations Reference
Developmental Studies
Neurobehavioral: Two groups of animals were exposed to clean air or 6 Sprague-Dawley rat Spontaneous Activity: Ibid, and Laurie
mg/m°® DEP. pups Group 1: Overall diesel exhaust exposed animals were etal., 1981
Group 1: exposed from day 1 to 17 of age for 20 h/day, 7 d/wk. significantly less active than controls. Environ Int
Group 2: exposed from day 1 to 21, 28 or 42 of age for 8 h/d/m 7 d/wk. Group 2: Activity in diesel exhaust exposed animals was 5:357-361
Spontaneous activity was evaluated in Groups 1 and 2 starting at 7 depressed, but depression was less dramatic than in Group
weeks of age and continued for 16 weeks. Operant conditioning testing 1. Significant differences were observed at weeks 5
was evaluated in Group 1 only starting at 15 months of age and through 13 of testing.
continued for 42 days at 5 day intervals. Operant Conditioning:

Controls showed asharp risein learning at day 10 of

testing and all learned the task shortly thereafter. In diesel

exhaust exposed animals by day 25 only 1 out of 10

animals had learned task. Eventually all diesel exhaust

exposed animals learned the task within the test period (42

days).
Neurophysiological: Animals were exposed from birth to day 7, 14, 21,  Sprague-Dawley rat Significant differencein the latency of the SEPsand VEPs  Ibid, and Laurie
or 28 of ageto 0 or 6 mg/m® DEP 8 h/d, 7d/wk. Development of the pups occurred only in the 1 to 14 day exposure group. Note: The  and Boyes,
nervous system was measured by somatosensory and visual evoked most rapid rate of growth occurs at about 14 days of age. 1981 Environ
potential (SEPs and VEPs, respectively). Int 5:363-368
Lung: Animalswere exposed to 0 or 3.5 mg/m® DEP 7 h/d, 5 d/iwk Fischer 344 malerats  Diesel exhaust exposure atered the airway fluid Mauderly et al,
from conception till 6 months of age. Body weight, respiratory function, constituents (acid phosphatase, LDH, and glutathione 1987 Health

pulmonary immune response, lung clearance of radiolabeled particles,
airway fluid enzymes, lung tissue collagen, proteinase, lung burden of
diesel particles, lung morphometry and histopathology were measured.
Source of diesel exhaust was a 1980 Model 5.7 liter Oldsmobile
engine.

reductase) as well as lung enzymes. Lung tissue collagen
was significantly increased whereas proteinase was
significantly decreased. Effects observed were much less
severe than in adults exposed to the same diesel exhaust
levels. The authors stated that in general normal lung
development was not affected by diesel exhaust exposure.
Exposure time frame included the major phases of rat lung
development: in utero, neonatal, and rapid growth during
maturation.

Effects Ingtitute
Report
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Table 4.6 Rat Lung Hyperplasia I ncidence Following Diesel Exhaust Exposure
(I'shinishi et al., 1988).
DIESEL DIESEL CONCENTRATION
TYPE
Heavy duty 0 mg/m® 046 mg/m* | 096mg/m® | 1.84mg/m* | 3.72mg/m’
Mae 0/64 2/64 4/64 4/64 8/64
Female 1/59 1/59 3/61 10/59 17/60
Light duty 0 mg/m® 011 mg/m® | 041lmgm® | 1.18mg/m® | 2.32mg/m’
Mae 4/64 3/64 2/64 4/64 38/64
Female 0/59 1/59 4/61 8/59 49/60
Table4.7 Summary of Non-Cancer Guidance Values and Benchmark
Concentrations from Experimental Diesel Exhaust Studies
(from Table 10.5, WHO, 1994).
Approach Guidance Value or Benchmark

Concentration (mg/m°)

NOAEL using rat-human dosimetric conversion 5.6
NOAEL without rat-human dosimetric conversion 2.3
Benchmark concentration using rat-human
dosimetric conversion
chronic aveolar inflammeation 2
impaired lung clearance 3
hyperplastic lesions 1
Benchmark concentration without rat-human
dosimetric conversion
chronic aveolar inflammation 0.9
impaired lung clearance 1.3
hyperplastic lesions 6.3
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Table4.8 Benchmark Concentrations Using Probit and Weibull M odels
(TOX-RISK V. 3.5) on Female Rat Lung Hyperplasia (Ishinishi et al., 1988).

% Additional Maximum Likeihood 95% L ower Equivalent Reference
risk Estimate (mg/m®) Bound (mg/m®) | Concentration (mg/m°)
Probit model
1 0.46 0.17 3
5 1.02 0.59 11
10 1.58 1.10 21
Weibull mode
1 0.32 0.11 2
5 1.00 0.54 10
10 1.64 1.12 21
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5.0 GENOTOXICITY

Genotoxicity tests can provide insight into mechanisms of carcinogenicity, reproductive toxicity
and other genetically influenced processes caused by DNA-reactive agents. If DNA adducts are
not repaired, then, during cell replication a point mutation or chromosomal alteration can occur.
Altered oncogene or lost tumor-suppressor-gene function may be in part responsible for the
carcinogenicity of DNA-reactive agents (Tong et al., 1989; Marshall et al., 1991; Solomon et al.,
1991; Weinberg et al., 1991). Short-term genotoxicity tests can be completed quickly and
inexpensively and are useful in determining the bio-active properties of complex mixtures such as
diesdl exhaust.

This section surveys diesel exhaust-, diesel exhaust particulate-, and diesel exhaust extract-
induced genotoxicity in bacteria, yeast, Drosophila, rodents, non-human primates and humans.
Further review may be found in IARC (1989), HEI (1995) and WHO (1996). Much of the
information regarding genotoxicity has been obtained using diesel exhaust particles or extracts of
diesel exhaust particles. Diesal exhaust particles or their extracts are mutagenic in bacteria
(Salmonella typhimurium and E. coli) and in several mammalian cell systems (CHO, V79,
BALB/c3T3, L5718Y mouse lymphoma, human lymphoblasts). Diesel exhaust particles or their
extracts induce chromosome aberrations, aneuploidy, and sister chromatid exchange in rodent and
human cellsin culture. Diesel exhaust particles and their extracts are also capable of inducing cell
transformation. Diesel exhaust particles or their extracts can also produce superoxide and
peroxide radicals and inhibit the antioxidant enzymes responsible for radical scavenging. Both
diesel exhaust particle extracts and the semivolatile phase of diesdl exhaust have dioxin receptor
binding affinity. Exposureto diesel exhaust particulate matter can cause unscheduled DNA
synthesisin vitro in mammalian cells. DNA adducts have been isolated from calf thymus DNA in
vitro and mouse lung DNA following intratracheal instillation.

Some information regarding genotoxicity aso has been obtained directly from diesel exhaust
exposures. Whole diesal exhaust has been demonstrated to induce gene mutations in two strains
of Salmonella. Inhalation exposure to diesel exhaust resultsin DNA adduct formation in rodents
and monkeys. Increased levels of human peripheral blood cell DNA adducts are associated with
occupational exposure to diesdl exhaust. The genotoxic effects of diesdl exhaust may be involved
in theinitiation of pulmonary carcinogenesisin humans.

Diesal exhaust clearly contains genotoxic substances. Furthermore, diesel exhaust particles and
diesdl exhaust extracts have been established to be genotoxic. The bioavailability of these
genotoxins has been questioned. Several lines of evidence suggest bioavailability. First, thein
vitro genotoxic activity of diesel exhaust particulates dispersed in pulmonary surfactant exhibited
similar activity to particulates extracted with dichloromethane. Second, inhalation exposure of
rats and monkeys to diesel exhaust resultsin DNA adduct formation and in vitro exposure of rat
tissues to diesdl exhaust induces unscheduled DNA synthesis. Third, DNA adducts have been
associated with occupational exposure to diesel exhaust. Fourth, urinary metabolites of PAHs
have been found following exposure of rats to diesel exhaust. Preliminary evidence indicates the
same may be true for humans. Consequently, it appears that organic chemicals adsorbed onto the
particles, particularly the genotoxic components, are likely to be bioavailable in humans,
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51 TESTSASSESSING GENE MUTATION

Diesdl exhaust particles or their extracts are mutagenic in bacteria (Salmonella typhimurium and
E. coli) and in several mammalian cell systems (CHO, V79, BALB/c3T3, L5718Y mouse
lymphoma, human lymphoblasts).

5.1.1 BACTERIAL ASSAYS

Organic extracts from diesel engine exhaust were first found to be mutagenic in the Salmonella
reverse mutation assay in the late 1970's (Huisingh et al., 1979). Salmonella typhimurium strains
TA98 and TA100 proved to be the most sensitive. Strain TA1535 gave weakly positive or
negative results. Whole diesel exhaust (Courtois et al., 1993) and the semivolatile phase of diesel
exhaust (Westerholm et al., 1991; Seraet al., 1994) have aso been demonstrated to be mutagenic
in Salmonella. Some investigators have observed that diesel particul ate extracts do not require an
exogenous metabolic activation system to demonstrate mutagenic activity and that addition of
such a system can reduce the number of revertants generated (McClellan, 1987; Crebelli et al.,
1991). Other studies have shown mutagenic effects with or without metabolic activation (IARC,
1989). The general consensusis that alarge portion of diesal particulate mutagenicity is direct-
acting, and endogenous bacterial metabolism isinvolved in the bioconversion of select pro-
mutagenic compounds to their mutagenic form (Rosenkranz, 1982).

Characterization studies with the Salmonella reverse-mutation assay determined that a substantial
amount of the direct-acting mutagenicity of diesel engine exhaust is found in the particul ate phase.
When particul ate extracts were fractionated into nonpolar, moderately polar and polar fractions,
more than 50% of the direct-acting activity occurred in the moderately polar fraction (Schuetzle,
1983). Chemical fractionation based on acid/base properties showed that most of the mutagenic
activity wasin the neutral and acidic fractions. Further studies implicated certain nitroarenes (1-
nitropyrene; 3- and 8-nitrofluoranthene; 1,3-, 1,6- and 1,8-dinitropyrene; 3-nitrobenzanthrone) as
important mutagenic species in the more mutagenic fractions (Salmeen et al., 1984; Enyaet al.,
1997). A decrease in mutagenicity in nitro-reductase deficient bacterial strains also provided
evidence for the role of nitro-PAHSs as important mutagens in diesel engine exhaust (Claxton,
1983; Crebedlli et al., 1991) while generating concern that bacterial mutagenic assays may
overestimate the mutagenic activity of diesel exhaust (Lewtas, 1986). Likewise, the observation
that nitro-PAHSs could be formed during sampling triggered a debate over the possible role of
these compounds as mutagenic artifacts. However, the work of Schuetzle et al. (1983) showed
that conversion of PAHs to nitro-PAHSs during dilution tube sampling of particulatesis of minor
concern and that, for example, most 1-nitropyrene measured in diesel exhaust particulate extracts
is formed in the engine and/or tailpipe.

Additionally, Sera et al. (1994) detected the presence of the mutagenic nitro-PAHs 1- and 3-
nitro-6-azabenzo[a] pyrene and 1- and 3- nitro-6-azabenzo-[a] pyrene-N-oxide in the semivolatile
phase of diesel exhaust. The parent compounds of those nitro-PAH (azabenzo[a]pyrene and
azabenzo[ a] pyrene-N-oxide) were not found in either the particulate or semivolatile phase,
suggesting that the nitro-PAHs were not formed artifactually during sampling.
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Bdl et al. (1990) tested the mutagenicity of eight fractions of extract with strains TA-98 and TA-
100. The unfractionated extract had the previously determined characteristic of mutagenic
activity being greater without S9 liver extract than with S9. The fraction containing the classical
polycyclic aromatic hydrocarbons (PAH) had a mutagenicity that was dightly greater with SO than
without, consistent with the indirect mutagenicity of the PAHs. The greatest mutagenic activity
was in the fractions that contained the most potent direct-acting nitroarenes, the mono- and di-
nitropyrenes/fluoranthenes. The fraction in between the one with classical PAHs and the one with
potent nitropyrenes showed strong indirect mutagenic activity. The investigators tentatively
identified 9-nitroanthracene and other nitro-PAHs in this fraction.

Crebdlli et al. (1991) exposed strains TA98 and TA98/1,8DNPs (O-acetyl-transferase-deficient)
to acidic, neutral and basic fractions of crude organic extracts of diesel engine exhaust. Metabolic
activation decreased mutagenic activity in the acidic and neutral fractions, but increased activity in
the basic fraction in both strains. The authors indicated that this suggested the presence of
nitrogen-containing, indirect mutagens (e.g. azaarenes) in the basic fraction.

Westerholm et al. (1991) characterized the composition and mutagenicity of particulate-,
semivolatile- and gas phase-associated compounds in diluted heavy-duty diesel engine exhaust.
The PAH content of the semivolatile phase was approximately 3-fold greater than that of the
particulate phase. Mutagenicity of the diesel exhaust phases was characterized using Salmonella
strains TA98 and TA100 (with and without rat liver S9). The semivolatile phase contributed
approximately 10, 20 and 37% to the total mutagenicity in strains TA98 (-S9), TA100 (+ S9) and
TA98 (+S9), respectively.

Diesdl exhaust extracts have also been demonstrated to be mutagenic in Escherichia coli WP2
(Lewtas, 1986), WP2uvrA (Crebelli et al., 1991) and K12 (Lewtas, 1986). Inthe WP2 strains,
results were positive in the absence of metabolic activation. The resultsin the WP2uvrA strain
suggest the presence of other potent direct-acting mutagensin diesel engine exhaust in addition to
nitropyrenes, which are amost completely nonmutagenic in this strain (Crebelli et al., 1991).
With E. coli K12, mutagenic activity was observed only after addition of a metabolic activating
system.

5.1.2 FACTORSAFFECTING MUTAGENICITY IN BACTERIAL ASSAYS
5121 FUEL

Huisingh et al. (1978) found that diesel fuel produced negative results when tested directly in
Salmonéella typhimurium, supporting the hypothesis that fuels contain the precursor materia for
mutagens later found in the exhaust emissions. Research comparing the mutagenic activity of
combustion organics emitted from two cars operated with each of five different fuels showed that
the fuel with the lowest cetane value and the highest BaP content and highest nitrogen content
generated the most mutagenicity (Huisingh et al., 1978). Rasmussen (1990) studied the effect of
varying fuel properties (aromaticity, sulfur content and boiling point) using each of nine different
fuelsin asingle heavy duty engine. Increasing mutagenicity of the soluble organic fraction of the
particulate, as determined with the Salmonella assay, was correlated with increasing fuel
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aromatic content but not with sulfur content. Crebelli et al. (1995) aso noted a positive
correlation between diesal fuel aromaticity and mutagenic activity in Salmonella. §ogren et al.
(1996) studied the relationships between fuel characteristics and the biologica effects (Salmonella
mutagenicity and Ah receptor affinity) of diesel exhaust particulate extracts using partial least
squares regression. Cetane number and upper distillation curve points were found to be
negatively correlated with mutagenic activity, while density, flash point, PAH content and sulfur
content were found to be positively correlated with mutagenic activity. In an earlier review,
Lewtas (19824a) pointed out that fuel properties have varying effects on emissions. Studies
suggest that fuel with relatively high aromatic and nitrogen content can cause an increase of
mutagenic emissions in certain vehicles.

5122 VEHICLE AND ENGINE TYPE

Differences in mutagenicity between exhaust samples from light-duty diesel passenger vehicles of
the same make, model, and configuration were larger than for multiple samples taken from one
vehicle. A nearly ten-fold difference in revertants per microgram of organic material was
observed between two automobiles (Claxton and Kohan, 1981). Results of studies comparing
differences in mutagenic activity between light- and heavy-duty diesel powered vehicles revealed
that the number of revertants per microgram was usually much lower for the heavy-duty samples
but was similar on arevertant per mile basis due to the heavy-duty vehicles increased emissions
(Zweidinger, 1982).

5123 OPERATIONAL CHARACTERISTICS

Studies of the effect of driving cycles on mutagenicity demonstrated the highest mutagen
production in association with acceleration and high speed cruises (Bechtold et al., 1984).
Similarly it was found that stops and starts resulted in higher mutagenic activity (Claxton, 1983).
However, investigations of the mutagenicity of extracts collected under simulated highway, urban
and congested urban driving cycles did not show significant differences reported as revertants/ug
or revertantsmile despite large differences in particle emission rates and extractable fractions of
the particles (Clark et al., 1982). Extracts of particles from lower mileage cars (Iess than 4000
miles) produced more mutagenic activity for any driving cycle tested (Claxton, 1983).
Investigations of the effect of cold start temperature showed that decreasing temperature results
in increased mutagenicity (ibid.).

5124 SAMPLING
Salmeen et al. (1985) and Pierson et al. (1983) found no differences between the mutagenicity of
particulate samples collected on filters in the laboratory using a dynamometer and the

mutagenicity of particulate samples collected on filters located in atraffic tunnel. Also, they
found the composition obtained in the two situations to be similar.

5-4
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5.1.25 AMBIENT CONDITIONS

In a study designed to determine the effect of environmenta conditions on the mutagenicity of
diesel exhaust, Claxton and Barnes (1981) injected diesel exhaust directly from the engine into a
smog chamber, simulating conditions in outdoor air. The investigators determined the
mutagenicity of DM SO-extracted samples collected from the chamber, using four strains of
Salmonella typhimurium. The effect of standing in the chamber in the dark or being subjected to
irradiation for six hours did not have any substantial, consistent effect on mutagenicity of the
exhaust. Introduction of ozone into the chamber reduced mutagenic activity of the sample below
that from the ssmple exhaust atmosphere in the chamber.

5.1.2.6 BIOAVAILABILITY UNDER PHYSIOLOGICAL CONDITIONS

The detection of substantial mutagenicity obtained by using a strong organic solvent such as
dichloromethane to extract the particulate matter from samples of diesel exhaust suggested the
need to investigate the extent to which mutagens bound to the diesel exhaust particles could be
made bioavailable under physiological conditionsin vivo.

Siak et al. (1981) found that ssmulated body fluids (saline, bovine serum abumin to simulate
proteinaceous material in body fluids and dipalmitoyl lecithin to simulate lung surfactant, and fetal
calf serum to represent body fluids with complex properties) were incapable of significantly
removing mutagens from diesel particles. Only fetal calf serum displayed some ability to extract
the mutagenic activity (approximately 50% of that made available by dimethyl sulfoxide
extraction) from the particles. Likewise, Brooks et al. (1981) found little mutagenic activity
extracted by incubation of diesal exhaust particles with dog serum, dog lung lavage fluid, saline,
albumin, or dipalmitoyl lecithin. The authors noted that the lowered mutagenic activity associated
with biological media extraction compared to extraction with organic solvents could be due either
to 1) “alack of remova of mutagens from the particles’, or 2) “an inactivation of removed
mutagens by protein binding or other processes’. King et al. (1981) found a small increasein
mutagenicity of diesel soot when extracted with human serum but not when extracted with lung
lavage fluid. That study and Clark and Vigil (1980) also found that the mutagenicity of
dichloromethane extracts of the soot decreased with the addition of serum components and lung
cytosol. The results are consistent with protein binding to the extracted mutagens, thus reducing
their mutagenicity. Hence, complex body fluids may rel ease the mutagens from the soot and also
permit binding by proteins. King et al. (1981) aso found that excitation and emission
fluorescence spectroscopy data indicated that incubation of diesel exhaust particulate matter with
both serum and lung cytosol extracted a substantial portion (79 - 85%) of the solvent-extractable
mutagens. Although the serum-associated mutagens did not induce significant mutagenicity in
Salmonella, incubation of the serum with protease increased the mutagenic activity of the serum,
suggesting that the serum-extracted mutagens were bound to proteins and therefore unavailable to
bind to Salmonella DNA under the assay conditions used by the authors. King et al. (1983) found
that when lung macrophages engulfed whole diesel particles, the organic extract from the particles
lost considerable mutagenic activity. The investigators hypothesized that alveolar macrophages
are capable of removing mutagens from diesdl particles and are capable of metabolizing the
mutagenic compounds. Sun et al. (1988)
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stated that the studies by Brooks et al. (1981) and King et al. (1981, 1983) “suggest that particle-
associated organics become “bioavailable” to respiratory tract cells, allowing metabolic processes
to occur”.

In contrast to the earlier findings with smulated physiologic fluids, Wallace et al. (1987b)
demonstrated that extraction with a phospholipid emulsion resembling a major component of lung
surfactant showed substantial mutagenic activity, sometimes greater than that observed after
extraction with organic solvents. The treatment of the fluid from the biological extraction process
differed from the treatment of Siak et al. (1981), King et al. (1981) and Brooks et al. (1981).
Wallace et al. kept the particles suspended in the extract whereas those particles were apparently
removed in the earlier studies. Wallace et al. also showed that when the mixture was separated,
the mutagenicity was in the sediment and not the filtered supernatant. Another complicating
factor isthat Wallace et al. scraped their soot from the exhaust pipe, thus allowing a different
concentration of organic matter on the particles from that of the earlier samples obtained directly
from the exhaust stream. However, afollow-up study by the same group (Keane et al., 1991)
demonstrated similar results with either exhaust pipe soot or particles obtained directly from the
exhaust stream. It should be noted that this method of diesel exhaust particulate matter
presentation (e.g., keeping the particles suspended) is similar to that which would be expected to
occur during an in vivo exposure, where diesel exhaust particulate matter would come into direct
contact with aveolar epithelial cells or be phagocytized by alveolar macrophages.

Belisario et al. (1984) found that, with or without extraction, diesel exhaust particulate matter
was directly mutagenic to four strains of S. typhimurium, but not to afifth (TA-1535). Strains
TA-98 and TA-1538 showed the highest activities. The mutagenicity occurred in the presence or
absence of induced rat liver and whether or not the particles were extracted with dimethyl-
sulfoxide. Those authors also showed clear dose-effect curves for TA-98 mutagenicity of the
urine of Sprague-Dawley rats, collected within 24 hours of administration of diesel exhaust
particulate matter in each of three ways: (1) injected intraperitoneally with corn oil or gelatin
tablets, (2) injected subcutaneoudly in gelatin tablets or applied by gastric intubation, (3)
suspended in a gum arabic solution with Tween. In contrast to the bacterial results, the activities
of urine were greater (usually about two-fold) in the absence of metabolic activation than in its
presence.

Whole diesal exhaust was also demonstrated by Courtois et al. (1993) to induce gene mutations in
two strains of Salmonella (TA98 and TA100) directly exposed to adiesel exhaust stream in the
absence of induced rat liver S9.

Schenker et al. (1992) determined the postshift mutagenicity in 87 railroad workers (306 samples)
invariousjobs. They used the sensitive microsuspension procedure with Salmonella strain TA-
98, and they obtained the respirable-particle concentrations in work areas as a measure of diesel
exhaust exposure. Smoking had alarge effect on urinary mutagenicity, and after adjustment for
smoking there was no independent association of respirable-particle concentration with the values
of urinary mutagenicity that were measured.
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Gu et al. (1992) examined the ability of diesel exhaust particles (DEP) to induce micronucle in
vitro in Chinese hamster V79 lung fibroblasts (V79) and Chinese hamster ovary (CHO) célls.
DEP were suspended in either dimethyl sulfoxide (DM SO) or dipamitoyl lecithin (DPL), a
primary component of pulmonary surfactant. The suspensions were then separated into
supernatant and sediment fractions, and the fractions were assayed for micronucleus induction
(M1) in V79 and CHO cells. The DPL sediment fraction significantly increased M1 at all
concentrations tested in CHO cells, but only significantly increased M1 in V79 cells at the middle
concentration tested. The DM SO supernatant fraction significantly increased M1 in both V79 and
CHO cdlls at al concentrations tested. The finding that genotoxic activity was most strongly
associated with the DPL sediment and DM SO supernatant fractions agrees with the findings of
Wallace et al. (1987b) in Salmonella. This study is aso discussed in section 5.2.3 (Micronucleus
Assays) in greater detail.

5.1.3 MAMMALIAN CELL ASSAYS

Chesheir et al. (1981) demonstrated that diesel exhaust particles can cause mutationsin a
mammalian cell culture system as measured by forward mutation at the HGPRT locus in Chinese
hamster ovary (CHO) cells. In these experiments, extraction was not necessary. The incubated
cells readily phagocytized whole particles which subsequently became closely associated with the
cell nucleus. With the same forward mutation assay, organic extracts from exhausts of five
different diesel-powered vehicles demonstrated a weak mutagenic effect in CHO cellsin the
presence and absence of metabolic activation (Li and Royer, 1982). Casto et al. (1981) observed
relatively weak to negative responses at the HGPRT gene locus measuring 6-thioguanine
resistance in CHO cells treated with extract. Brooks et al. (1984) demonstrated mutations in
CHO cells treated with extract in the presence but not in the absence of metabolic activation.

Studies of 8-azaguanine and ouabain resistance mutations in Chinese hamster V79 lung cells
reveaed that exhaust extracts from both light- and heavy-duty diesel engines exert a dose-
dependent mutagenic effect. The light-duty samples were more mutagenic based on mutation
frequency per pg diesel particulate extract. Mutagenic activity was lost after addition of the S15
metabolic activation system (Morimoto et al., 1986). The same investigators showed that both
types of extracts induce 8-azaguanine resistant mutants in Syrian hamster embryo cells
transplacentally exposed, thus correlating in vivo and in vitro findings.

Two separate studies found positive dose-related effects of extracts of diesel exhaust in the
L5178Y mouse lymphoma assay (Mitchell et al., 1981; Rudd, 1979). The mutagenicity tended to
be greater in the absence of metabolic activation. On the other hand, another team of
investigators found that only in the presence of an exogenous activation system did
dichloromethane extracts of diesel exhaust induce mutations in cultured human lymphoblasts
(Liber et al., 1981). The activation system was a post mitochondrial supernatant derived from
Aroclor-induced rat liver. Fractionation of the extract led to accounting for 44% of the
mutagenicity by three PAHSs: fluoranthene, 1-methyl phenanthrene and 9-methyl phenanthrene
(Barfknecht et al. 1982).
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In mouse BALB/c 3T3 cells, Curren et al. (1981) found that a dichloromethane extract of diesel
exhaust particles from one light-duty diesel engine produced cell transformations and
mutagenesis, as measured by ouabain resistance. Another light-duty engine and a heavy-duty
engine did not produce the effect. Exogenous metabolic activation did not have a substantial
effect on the results.

5.1.4 ONCOGENE AND TUMOR SUPPRESSOR GENE MUTATIONS

Pulmonary carcinomas from rats exposed by inhalation to diesel exhaust or carbon black were
analyzed for mutations in the oncogene K-ras and the tumor suppressor gene p53 (Swafford et
al., 1995; also in Belinsky et al., 1994). Increased levels of p53 protein were present in 1/2, 2/4
and 4/7 squamous cell or adenosguamous carcinomas from animals in the control, carbon black
and diesel exhaust groups, respectively. However, no p53 mutations were noted in those
neoplasms. Increased levels of p53 protein or p53 mutations were not noted in adenocarcinomas.
Mutations in K-ras were only noted in 2 adenocarcinomas from the diesel exhaust-exposed group,
and in 1 sqguamous cell carcinoma from the carbon black-exposed group. The authors noted that
the K-ras genein the rat is not always atarget for genotoxic carcinogens.

5.1.5 GENE MUTATION IN YEAST

Lewtas and Williams (1986) reported that the most polar fraction of a diesel exhaust extract
produces mutagenic and recombinogenic effectsin S. cerevisiae, both with and without metabolic
activation.

5.2 TESTSASSESSING CLASTOGENICITY

Diesdl exhaust particles or their extracts induce chromosome aberrations, aneuploidy, and sister
chromatid exchange in rodent and human cellsin culture. Thereis also evidence of micronuclel
induction in mammalian cell systems.

521 CHROMOSOME ABERRATIONS

Hasegawa et al. (1988) investigated the ability of dichloromethane extracts of exhaust particles
from light-duty and heavy-duty diesel engines to induce chromosome aberrations in cultured
Chinese hamster V79 lung cells. The light-duty extracts induced a significant number of
chromosome aberrations in the form of chromatid gaps and breaks whereas the heavy-duty
extracts did not. Extracts from one light-duty engine induced structural abnormalitiesin Chinese
hamster ovary (CHO) cells and human lymphocytes (Lewtas and Williams, 1986). In the presence
of metabolic activation (rat liver S9), no abnormalities in the lymphocytes were observed.

Organic extracts of diesel exhaust particulate with concentrations of extracted matter ranging
from 30 to 250 pg/ml did not induce DNA strand breaks in Syrian hamster embryo cellsin culture
(Casto et al., 1981).

No chromosome damage detectable by metaphase analysis of femur marrow was observed in mice
exposed by inhalation to diesal exhaust at 6 mg/m?® for seven weeks (Pepelko and Peirano,



MAY 1998

1983). No increase in the frequency of chromosome aberrations was noted in cultured
lymphocytes from a group of 14 miners believed to have been exposed to diesel exhaust
(Nordenson et al., 1981). After matching for age, smoking and length of time in their respective
jobs, Fredga et al. (1982) found no significant difference in the incidence of chromosomal changes
in workers exposed to diesel exhaust. There were no significant differencesin frequency of
aberrations or sister chromatid exchanges (SCES) in the lymphocyte preparations. However, a
statistically significant increase in the number of chromosome breaks was observed among the
diesal exposed nonsmokers. The authors caution that this might be a random effect since 18
statistical tests were performed. They assessed significance with a sign test on each individual
comparison. The IARC Working group noted that there were a small number of human subjects
in each of these studies and, therefore, the negative results should be interpreted with caution
(IARC, 1989).

5.2.2 SISTER CHROMATID EXCHANGE (SCE)

Investigators have demonstrated that extracts from diesel particles induce SCEsin Chinese
hamster ovary (CHO) cells (Mitchell et al. 1981) and cultured human lymphocytes (L ockard et
al., 1982). Further work with various extracts from light-duty and heavy-duty exhaust showed
dose-dependent increases in the number of SCEs when applied to CHO cells and to cultured
human lymphocytes (Hasegawa et al., 1988; Morimoto et al., 1986). In both of the cell systems
tested, the light-duty samples were more potent.

Keane et al. (1991) studied the ability of diesel exhaust particles dispersed in aqueous dipa mitoyl
phosphatidy! choline (DPL), amajor pulmonary surfactant component, and of particle
dichloromethane (DCM) extracts transferred to dimethyl sulfoxide (DM SO) to induce SCEsin
Chinese hamster lung V79 cells without exogenous metabolic activation. The supernatant of the
DCM/DM SO extract and the sediment of the DPL-dispersed particles both significantly increased
SCE frequencies.

Cultured human lymphocytes obtained from healthy unrelated nonsmokers showed a 50%
increase in SCE frequency (statistically significant, p < 0.01) in 2 of 4 donors after bubbling on-
line diesel exhaust through the fluid above the lymphocytes (Tucker et al., 1986). The
investigators commented that a lack of a mutagenic response in the cells obtained from the other 2
donors may be aresult of differing individual sensitivities to diesel exhaust.

Several in vivo tests for SCE have been conducted. Following inhaation of 2 mg/m® of diesel
exhaust for 35 hr/wk for 24 months, Lewis et al. (1986) observed no significant increases in SCE
rates in lymphocytes from rats or monkeys. Bone marrow cells of rats inhaling diesel exhaust for
6 to 30 months at concentrations as high as 4 mg/m® showed no significant increase in SCE
frequency (Morimoto et al., 1986).

Pepelko and Peirano (1983) compiled reports of studies sponsored by the U.S. EPA to investigate
the effect of diesel exhaust particulate matter on the induction of SCE. Neither in Swiss Webster
mice (Pereira et al. 1981b) nor in Chinese hamsters (Pereira, 1982) were SCEs in femur marrow
elevated after breathing 6 mg/m® diesel exhaust for six months. Intraperitoneal
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injection of diesel particulate (300 mg/kg body weight) or of the chloromethane extract from the
particulate matter (500 mg/kg body weight) approximately doubled the observed number of SCEs
in the femur marrow of B6C3F; mice relative to the DM SO controls (Pereira et al. 1981b), when
observed two days after injection. The authors noted that the damage was not permanent since
SCE frequencies in mice sacrificed 5 and 14 days post-treatment were not different from the

DM SO controls. The same investigators showed that inhalation exposure of pregnant Syrian
golden hamsters to whole exhaust from day 1 of gestation to day 12 (8 hr/day) did not induce an
increase of SCE in fetal liver cells. Intraperitonea injection of diesel exhaust particulate did not
increase SCE frequency in fetal liver, but injection of the dichloromethane extracted matter
resuspended in DM SO resulted in dose dependent increases.

In Syrian hamsters single intratracheal ingtillations of diesel particulate in the range of 0-20 mg
produced a linear dose-response relationship for the number of SCEs observed from the finely
minced cells of the lungs with trachea and bronchi removed. The ingtillations were in 0.25 ml of
Hanks balanced salt solution (Guerrero et al. 1981). Those investigators also found that
inhalation of 6 mg/m® diesel exhaust for three months did not result in an eevation of lung SCEs
in the Syrian hamsters, but exposure to 12 mg/m? for 3.5 months resulted in a doubling of lung
SCEs.

5.2.3 MICRONUCLEI FORMATION

Gu et al. (1992) examined the ability of diesel exhaust particles (DEP) to induce micronuclel and
alter phagocytosisin vitro in Chinese hamster V79 lung fibroblasts (V 79) and Chinese hamster
ovary (CHO) cells. DEP were suspended in either dimethyl sulfoxide (DM SO) or dipamitoyl
lecithin (DPL), a primary component of pulmonary surfactant. The suspensions were then
separated into supernatant and sediment fractions, and the fractions were assayed for
micronucleus induction (MI) and phagocytosisin V79 and CHO cells at concentrations of 34, 68
and 136 pg/ml. The DPL sediment fraction significantly increased M1 at all concentrations tested
in CHO cdlls, but only significantly increased M1 in V79 cells at the middle concentration tested.
The DPL supernatant fraction had no effect on M1 in V79 cells, and only increased M1 in CHO
cells at the lowest concentration tested. The DM SO supernatant fraction significantly increased
M1 in both V79 and CHO cells at all concentrations tested. The DM SO sediment fraction had no
effect on MI in CHO cells and only increased M1 in V79 cells at the lowest concentration. The
finding that genotoxic activity was most strongly associated with the DPL sediment and DM SO
supernatant fractions agrees with the findings of Wallace et al. (1987b) in Salmonella. Increases
in phagocytosis of DEP in the DM SO and DPL sediments occurred in both V79 and CHO cellsin
a dose-dependent manner.

No significant effects were obtained in the micronucleus assay performed on bone marrow cells
from mice exposed for 6 months or rats exposed for 24 months to 2 mg/m® exhaust (Lewis et al.,
1986). Micronuclel formation was not induced after inhalation exposure of mice to light-duty
diesel engine exhausts at 0.4 mg/m® and 2.0 mg/m? for 4 to 18 months (Morimoto et al., 1986).

A small but gtatistically significant (p < 0.05) increase in micronuclel formation was observed in
erythrocytes of Chinese hamsters and mice exposed to 6 mg/m? exhaust for 6 months but not in an
additional group of animals exposed to 12 mg/m?® for one month (Pepelko and Peirano, 1983).

5-10
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Intraperitoneal injection of either particulate or particulate extract did not result in increasesin
micronuclel as compared to the controls in hamsters observed from 30 hours to one week. In
mice, micronuclel formation was doubled at the two highest dose levels after 30 hours, producing
statistically significant increases compared to controls (Pereira et al., 19814).

Odagiri et al. (1994) exposed cultured periphera blood lymphocytes from 8 human donorsto
diesal engine exhaust particulate DCM/DM SO extracts from light duty (LD) and heavy duty (HD)
engines. Antikinetochore antibody was used to distinguish between kinetochore-negative and -
positive micronuclei, which indicates induction of clastogenicity and aneuploidy, respectively. A
significant increase in the induction of kinetochore-positive micronuclei was noted in a maority of
the cell samples treated with the highest dose tested (150 pg/ml) of LD extract. Some cell
samples also demonstrated induction of kinetochore-negative micronuclei. Only one cell sample
had significantly increased numbers of kinetochore-positive micronuclei after exposure to 400
pg/ml HD extract.

5.3 TESTSASSESSING HERITABLE MUTATIONS

The possible induction of heritable mutations was measured in Drosophila using a sex-linked
recessive lethal assay and in several multiple recessive strains of mice using heritable point
mutations including induction of dominant lethals, induction of heritable trand ocations, oocyte
killing and spermatogonia survival. In the battery of tests for heritable effects in mice, animals
were exposed by inhalation to 6 mg/m® diesel exhaust particulate for up to 10 weeks. Findingsin
al of the aforementioned studies were negative (Pepelko and Peirano, 1983; Schuler and
Niemeier, 1981). No significant effects were obtained in the dominant lethal assay performed in
rats exposed by inhalation to 2 mg/m® of diesel exhaust for 6 months (Lewis et al., 1986).

54 TESTSASSESSING PRIMARY DNA DAMAGE

Inhalation exposure to diesel exhaust results in unscheduled DNA synthesisin vitro in rodents and
DNA adduct formation in rodents and monkeys. Increased levels of DNA adducts are associated
with occupational exposure to diesel exhaust.

54.1 STUDIESIN MAMMALIAN CELLSAND ANIMALS

Suspensions of diesel exhaust particles added to cultured rat tracheal ring cells at particulate
concentrations ranging from 0.125 to 2.0 mg/ml provoked unscheduled DNA synthesis
(Kawabata et al., 1986). Repeated exposure of mouse embryo fibroblast C3H/10T1/2 cells with
diesel particulate extracts in concentrations up to 50 pg/ml resulted in DNA adduct formation
(Jeffrey et al., 1990). The statistical significance of these results was not stated.

The work of Wong et al. (1986) and Jeffrey et al. (1990) demonstrated a clear increase of DNA
adduct formation in homogenate from lungs of rats exposed to diesel exhaust by inhalation for
approximately 31 months to 7.1 mg/m® diesel exhaust particulate. Bond et al. (1989, 1990a,
1990b) studied the kinetics of formation and persistence of lung DNA adducts in rats and the
effects of exposure concentration on DNA adduct formation. Rats exposed by inhalation to
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diesel exhaust concentrations ranging from 0.35 to 10 mg/m? for up to 12 weeks and examined
immediately thereafter had similar levels of DNA adductsin their lungs at the various doses. The
number of DNA adducts seen in the exposed groups was about twice the number of adducts
observed in the lungs of the control animals (statistically significant at p < 0.05). The
investigators did not obtain a dose-response relationship. They suggested that at the
concentration tested, the enzymes responsible for the formation of the metabolites that bind to
DNA may have been saturated (Bond et al., 1990b). DNA adduct formation increased with
increasing exposure duration and was highest at the end of the exposure period (12th week). The
levels of adducts increased steadily after the fourth week of exposure, apparently nearing a steady
state by the end of exposure. By the fourth week after the exposure ended the adduct levels
decreased to control values.

Bond et al. (1988, 1990b) investigated location prevalence of the respiratory tract DNA adducts
following exposure to diesdl exhaust. The total level of DNA adducts was highest in the
peripheral lung (excludes some bronchi) of rats that had been exposed to 10 mg/m? diesel soot for
12 weeks and examined immediately thereafter. Very few adducts were found in the mgor
conducting airways. The frequency of occurrence of DNA adductsin nasal tissue was
approximately 1/4 to 1/5 that seen in peripheral tissue. Further work demonstrated a 4-fold
increase in the level of DNA adductsin alveolar type Il cells of rats exposed for 12 weeks to 6.2
mg/m? diluted diesel exhaust as compared to sham-exposed controls (Bond et al., 1990c). The
investigators noted that there are numerous other cell typesin peripheral lung tissue, al of which
may form DNA adducts after diesel exhaust exposure.

Because the site of tumors induced by diesel exhaust coincides with the region of the lung with
the highest DNA adduct levels, Bond et al. (1990a,b) proposed the hypothesis that interaction of
desorbed organic chemicals from diesal exhaust particles with lung DNA is a possible genetic
mechanism for initiation of carcinogenesis. This hypothesis led the same investigators to study
whether exposure to carbon particles not associated with mutagenic organic chemicals a'so
elevates DNA adduct levels. Bond et al. (1990b) exposed rats by inhalation for 12 weeks to 0,
3.5 or 10 mg particlessm® of diesel exhaust or carbon black. The solvent extractable organic
content of the diesel exhaust particles was about 30% as opposed to 0.04% for the carbon black
particles. At the high dose level (10 mg/m®) lung DNA adduct formation was found in both
exposure groups and was 30% higher in diesel exhaust-exposed rats when compared to carbon
black-exposed rats. At the lower dose level (3.5 mg/m®), adducts were 50% above control values
for diesel exhaust-exposed rats whereas no adduct formation was noted in the carbon black-
exposed rats. Statistical significance was not reported by the investigators. The investigators
suggested that the small amount of organic compounds associated with the carbon black particles
at high doses may have been desorbed and metabolized to chemical forms that bind to DNA. In
addition, the role of particlesin diesel exhaust tumor induction may be related to their action as
chronic inflammatory agents.

Bond et al. (1990b) also investigated species differencesin peripheral lung DNA adduct
formation. Mice, hamsters, rats and monkeys were exposed to diesel exhaust at 8.1 mg diesel
exhaust particulate matter/m?® for 12 weeks. Mice and hamsters had no increases of DNA adducts
in their peripheral lung tissues. Rats and monkeys had 60-80% increase in peripheral lung DNA
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adducts. These results reflect the carcinogenicity results to some degree. Hamsters have not
exhibited positive responses for carcinogenicity and mice have been only marginally positive, with
the filtered exhaust. Rats are strongly positive for carcinogenicity. The finding of a high level of
adduct formation in monkeys suggests the plausibility of a high level of adduct formation in
humans and the potential for carcinogenesis in humans.

Gallagher et al. (1990) treated mice topically with diesel-exhaust-particle extract and then
determined DNA-adduct formation in skin, lung and liver using the **P-postlabeling assay in
comparison to positive (BaP) and negative (acetone vehicle) controls. They found adduct
formation for diesel exhaust, though not as much as for coke oven emissions and coal soot.
Diesdl exhaust produced a dose-dependent response in al three of the tissues examined.

Calf thymus DNA was exposed in vitro to diesel exhaust particulate matter extractsin the
presence of either rat liver S9 (aerobic) or xanthine oxidase (XO)/hypoxanthine (anaerobic) (to
detect reductive metabolites); one major adduct was noted with rat liver S9 using both nuclease
P1 and butanol. This adduct also co-migrated with the mgor BaP-diol epoxide DNA adduct
detected in skin DNA from mice and with the major adduct isolated from skin DNA from mice
topically treated with DEP extract. Treating CT DNA with DEP extract and XO resulted in the
formation of one major nuclease P1-sensitive adduct which was chromatographically different
from the mgjor DNA adduct observed in the rat liver S9-mediated incubations and from the major
adduct detected in DNA from DEP extract-treated mouse skin. Based on its nuclease P1
sensitivity, and on chromatographic similarities to amajor 1-nitropyrene-induced CT DNA
adduct, the authors tentatively identified this adduct as an N-substituted arylamine adduct. Lung
DNA from Cdl(WI)Br rats exposed to diesel exhaust containing 7.5 mg/m® DEP for 24 months
demonstrated one major nuclease P1-sensitive adduct.

Gallagher et al. (1994) exposed Wistar rats to diesel exhaust (7.5 mg/m?®), carbon black (11.3
mg/m°) or titanium dioxide (TiO,) (10.4 mg/m®) 18 hours/day, 5 days/week for 2 years; 2 and 6
month diesel exhaust exposure groups were also included. Lung DNA adduct levels were
evaluated in control and treated animals using the **P-postlabeling assay. A nuclease P1-sensitive
adduct, possibly resulting from nitro-PAH exposure, was elevated in diesdl-exposed rats relative
to the controls and not observed in rats exposed to carbon black or TiO,. Additionally, the
chromatographic properties of the adduct differed from dinitropyrene and 1-nitropyrene but were
similar to nitrobenzo[a] pyrene and nitrochrysene.

The species differences in the incidence of adduct formation and the location of adducts within the
respiratory tract are consistent with the pattern of tumor formation in exposed animals. However,
rat DNA adduct levels were similar at all concentrations evaluated, and adducts were increased in
rats at an exposure level (0.35 mg/m?) that was not associated with increased tumor formation.
The lack of a dose-response may be due to saturation of the metabolic pathway leading to adduct
formation. The absence of tumors at the low exposure level could be due to an inadequate
number of animals. AsBond et al. (1990a) pointed out, it islikely that factorsin addition to lung
DNA-adduct formation are involved in carcinogenicity induced by diesel exhaust. The formation
of lung DNA adducts by metabolites of particle-associated organic
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compounds may only be one step in theinitiation of diesel exhaust-induced pulmonary
carcinogenesis.

Lung DNA samples from male and female F344 rats exposed to diesel exhaust or carbon black
(16 hours/day, 5 days/week) at concentrations of 2.5 or 6.5 mg/m? for 3, 6, 12, 18 or 23 months
(Mauderly et al., 1994; also in Nikula et al., 1995) were analyzed for DNA adducts using the ¥P-
postlabeling assay (Randerath et al., 1995). Exposure-specific DNA adducts were not observed
in either the diesdl exhaust or carbon black exposure groups. Some quantitative aterations of |-
compounds, which have been hypothesized to be DNA modifications of endogenous origin were
observed; total DNA adductsin the 6.5 mg/m® diesel exhaust group were significantly elevated
after 3 months of exposure. However, thisincrease was not noted for other time points.

Savela et al. (1995) used an HPL C separation/**P-postlabeling assay detection method to analyze
DNA adducts formed by diesel exhaust extracts incubated with calf thymus DNA in the presence
of rat liver S9in vitro or in mouse skin and lung after in vivo topical treatment. Diesal exhaust
extract-induced adducts were found in all three DNA sources. This study suggests that dermal
exposure to diesel exhaust may result in the occurrence of DNA adducts in lung and other organs
distant from the site of exposure.

54.2 STUDIESIN HUMANS

In vitro treatment of human lymphocytes with diesel exhaust particle extract resulted in the
detection of five DNA adducts using the **P-postlabeling assay (Gallagher et al., 1993). One
adduct comigrated with the major adduct detected in human lymphocytes treated with
benzo[a]pyrene (BaP).

Hemminki et al. (1994) compared levels of aromatic DNA adducts by the **P-postlabeling assay
in peripheral blood lymphocytes isolated from nonsmoking bus maintenance and truck terminal
workers; hospital mechanics were used as a control group. Diesel mechanics and garage workers
in the bus maintenance worker group could have been exposed to PAHSs through dermal exposure
to used lubricating oil and diesel fudl, respectively. Adduct levelsin al bus and truck terminal
workers were elevated when compared to controls. The highest adduct levelsin the bus
maintenance workers were noted in the garage workers (3.63 adducts/10° nucleotides, compared
to 2.08 adducts/10° nucleotides in controls); the highest adduct levelsin the truck terminal
workers were noted in the diesel forklift workers (3.73 adducts/10® nucleotides). Diesel exhaust
exposure levels were not available for the workplaces at the time of the study.

The relationships between DNA adduct levels and hypoxanthine-guanine phosphoribosyl
transferase (hprt) mutant frequencies in T-lymphocytes and the genotypes for glutathione
transferase (GST ) and N-acetyltransferase (NATZ2) in non-smoking bus maintenance workers
exposed to diesel exhaust were examined by Hou et al. (1995). The garages used as the source of
the bus maintenance workers were apparently the same as those used in the study by Hemminki et
al. (1994); as noted previoudly, diesel exhaust exposure levels were not available for the
workplaces at the time of the study, and diesel mechanics and garage workers in the bus
maintenance worker group could have potentially been exposed to PAHs through dermal

5-14



MAY 1998

exposure to used lubricating oil and diesel fuel, respectively. DNA adducts were quantified using
the *P-postlabeling assay. Highly significant differences (p = 0.0009) were observed between the
diesel exhaust-exposed workers and the controls (3.2 and 2.3 adducts/10® nucleotides,
respectively). No difference in hprt mutant frequency was observed between the 47 exposed and
22 control individuals; however, both mutant frequency and adduct level were highest in the 16
most heavily exposed workers. Increased mutant frequency correlated significantly with increased
adduct levels. No significant difference was observed in either mutant frequencies or DNA

adduct levels between the GSTM 1-negative and positive individuals, or between the ow and
rapid acetylators. However, among the slow acetylators, GSTM1-negative individuals
demonstrated significantly higher adduct levels when compared to GSTM 1-positive individuals.

Lymphocyte DNA adducts, hemoglobin adducts, and urinary 1-hydroxypyrene (1-HP) levels were
studied in bus garage workers and mechanics exposed to diesel exhaust and in appropriate
controls by Nielsen et al. (1996). DNA adducts were assayed using the **P-postlabeling assay.
Total DNA adducts were significantly increased in diesel-exposed workers compared to controls
[0.84 fmol/pug DNA vs. 0.26 in controls (butanol extraction); 0.65 fmol/ug DNA vs. 0.08in
controls (P1 nuclease isolation)]. Median hemoglobin (hydroxyethylvaline) adducts in diesel-
exposed workers were 33.3 pmol/g hemoglobin compared to 22.1 pmol/g in controls. Urinary 1-
HP levels in exposed workers and controls were 0.11 and 0.05 pmol/mol creatinine, respectively.
The authors stated that the study data indicate that skin absorption of PAH might be an important
factor to consider when studying PAH exposure from air pollution sources. Additionaly, as
noted for the studies by Hemminki et al. (1994) and Hou et al. (1995), diesel mechanics and
garage workers in the bus maintenance worker group could have been exposed to PAHs through
dermal exposure to used lubricating oil and diesel fuel, respectively. The authors stated that in
contrast to the findings by Hemminki et al. (1994), DNA adduct levels were higher in bus
mechanics than in the garage workers; however, the authors did not provide information on
whether that difference is statistically significant, nor did they give quantitative levels for those
two groups as opposed to the combined levels provided in the article. Additionaly, Nielsen et al.
(1996) state that “it appears from the description of working conditions that the garage workers
in the Swedish study were more exposed than the individuals in our study”, which could account
for mechanics displaying higher levels of DNA adducts than garage workers in their study.

DNA adductsin peripheral blood mononuclear cells obtained from coal mine workers exposed to
diesel exhaust were evaluated using the **P-postlabeling assay by Qu et al. (1997). Blood
samples were taken at two different mines (Mines A and B), before and after a period of intense
diesel exhaust exposure (long wall change out, LWCO). Participants were classified into 5
specific job categories: Job 1 (fitters), Job 2 (loadmen and miners), Job 3 (deputy, underground
managers, shift managers, engineers, electricians and surveyors), Job 4 (machinemen, drivers,
shiftmen and mechanica unit) and Job 5 (clerks, surfacemen, lamp cabin attendants, planning
coordinators, safety training coordinators and boiler makers). Workersin job category 5 were
considered to not be exposed to diesel exhaust. A total of 89 and 75 workers were studied at
Mines A and B, respectively. Follow-up data after LWCO were available for 7 and 61 workers at
Mines A and B, respectively. DNA samples taken from the same individual before and after
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LWCO were analyzed on the same chromatography plate in order to reduce the effect of plate to
plate variability. Datafrom the two mines were analyzed separately.

Applying univariate linear regression models to Mine A DNA adduct data demonstrated a
negative association between total adducts and length of time on the job, and a positive
association with smoking status and job category. There was no significant association between
total DNA adducts and reported exposure level. However, workers in the more highly exposed
job categories 2 and 4 had total adduct levels approximately 60% greater than the non-exposed
surfacemen (Job 5). Application of multivariate linear regression models provided similar results.
Six of seven workers evaluated for adducts after LWCO demonstrated increases in total DNA
adducts, the geometric mean of those adduct levels increased from 330 to 456 attamoles/ug DNA
(38% increase).

Analysis of Mine B total DNA adduct data did not reveal any significant association between
adducts and smoking status, length of time on the job, exposure category or job classification.
Total adduct levels were increased in the exposed job classifications compared to the nonexposed
classifications (approximately 2-fold), but were not statistically significant. Workers evaluated for
adducts after LWCO demonstrated a statistically significant increase (32%) in total DNA adducts
asagroup. Adjustment for reported exposure level, smoking status, job category and time on job
had little effect on the estimated effect.

5.5 TESTSASSESSING OXIDATIVE DNA DAMAGE
5.5.1 ACTIVE OXYGEN GENERATION

Generation of hydrogen peroxide or active oxygen species (superoxide anion, hydroxyl radicals)
by environmental chemicals or endogenous oxidation processes may result in damage to cellular
DNA. Reaction of DNA with hydroxy! radicals has been demonstrated to cause the formation of
the modified bases thymine glycol and 8-hydroxydeoxyguanosine (8-OHdG). Formation of 8-
OHdG adducts leads to G:C to T:A transversions unless repaired prior to replication, and
therefore may be promutagenic (Nagashima et al., 1995). Inhibition of cellular hydrogen peroxide
and active oxygen detoxifying enzymes (catalase, glutathione peroxidase, superoxide dismutase)
may aso result in oxidative DNA damage (Budroe and Williams, 1994).

Diesdl exhaust particles were shown by Sagal et al. (1993) to produce superoxide and hydroxyl
radicalsin vitro in the absence of abiological activation system. Superoxide and hydroxyl radica
production were inhibited by superoxide dismutase (SOD) and dimethyl sulfoxide (DM SO),
respectively. Methanol-washed diesel exhaust particles did not produce superoxide and hydroxyl
radicals, indicating that the active components were extractable with organic solvents. Lung
antioxidant enzyme (SOD, glutathione-S-transferase, glutathione peroxidase) activities were
significantly reduced in mice exposed to diesel exhaust particles by intratracheal instillation.
Additionally, instillation of 1 mg of diesal exhaust particles caused 100% mortality within 24
hours; in contrast, the mortality in diesel exhaust particle-exposed mice pretreated either with
polyethylene glycol-conjugated SOD or aradical scavenger, butylated hydroxytoluene (BHT) was
significantly reduced, and treatment of mice with 1 mg of methanol-washed diesel exhaust
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particles was not lethal at 24 hours. These data suggest that diesel exhaust particles can induce
the production of active oxygen species and decrease antioxidant enzyme activitiesin vivo in
mice.

Exposure of microsomal and cytosolic fractions of mouse lung to a methanol extract of diesel
exhaust particles (DEP) resulted in increased oxidation of reduced nicotinamide-adenine
dinucleotide phosphate (NADPH) in the microsomal fraction; less NADPH oxidation was seen in
the cytosolic fraction (Kumagai et al., 1997). Thisindicated that DEP contain substrates for
NADPH-cytochrome P450 reductase rather than DT-diaphorase. Use of purified P450 reductase
as the enzyme source resulted in a 260-fold increase in turnover. A DEP methanol extract caused
asignificant production of superoxide in the presence of P450 reductase; electron spin resonance
(ESR) determinations indicated that hydroxyl radical was also formed. The active oxygen species
generated by DEP/P450 reductase were found to cause DNA strand breaks in vitro. Addition of
DM SO or desferal (which inhibit hydroxyl radical production), SOD or catalase to the reaction
mixture resulted in reduced DNA damage. The authors concluded that DEP components,
probably quinoids or nitroaromatics, appear to promote DNA damage through redox cycling-
based superoxide generation.

Catalase is released by aveolar cellsinto lung surfactant fluid. Inhibition of catalase activity
would result in reduced detoxification of hydrogen peroxide, and could result in increased
oxidative DNA damage. Mori et al. (1996) incubated saline extracts of diesel exhaust particles
with catalase from bovine liver or guinea pig red blood cells or aveolar cellsin anin vitro
reaction system. The extracts caused a significant dose-dependent decrease in catalase activity
from all sources.

55.2 OXIDATIVE DNA ADDUCT FORMATION

Seto et al. (1994) demonstrated that diesel exhaust particle extracts were capable of oxidizing 2¢
deoxyguanosine to 8-OHdG in an in vitro reaction system.

The incubation of diesel exhaust particles with calf thymus DNA in vitro resulted in the formation
of 8-OHdG adducts (Nagashimaet al., 1995). Exposure of ICR male mice to diesel exhaust
particles by intratracheal instillation resulted in a significant increase (approximately 3-fold) in
mouse lung DNA 8-OHdG adducts.

Male ICR mice were exposed by intratracheal instillation (one treatment/week for 10 weeks) to
0.1 mg of either titanium dioxide (TiO,), DEP, or hexane/benzene/methanol-washed DEP
(WDEP) (Ichinose et al., 1997b). Statistically significant increases in mouse lung 8-OH-dG DNA
adducts compared to controls were observed in the WDEP and DEP treatment groups (142 and
179% of control, respectively), but not in the TiO, group (109% of control).
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5.6 TEST ASSESSING CELL TRANSFORMATION ABILITY

Particulate extracts from alight-duty diesel engine showed cell transforming ability in mouse
BALB/c 3T3 cdlsin the absence but not in the presence of metabolic activation (Curren et al.,
1981). Inthe same study, particulate extracts from an Oldsmobile diesel engine and a Caterpillar
diesdl engine showed essentially no activity. Extract samples from three of four diesel engines
enhanced transformation of Syrian hamster embryo cells in the presence of the SA7 virus (Casto
et al., 1981). The viral enhancement assay measures the increased sensitivity of cellsto virus-
induced transformation. Although this assay is listed as a transformation assay, it may be a
measure of DNA damage (Lewtas and Williams, 1986).

5.7 TESTS ASSESSING Ah RECEPTOR BINDING

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been demonstrated to result in a
number of toxic effects, including induction of carcinogenicity in animals. Many of the toxic
effects of TCDD and other chemicals possessing TCDD-like activity are believed to be mediated
viaan intracellular protein (the Ah receptor). The Ah receptor is a ligand-dependent transcription
factor; this indicates that the mechanism for at least some of the toxic effects elicited by chemicals
possessing TCDD-like activity reflect sustained alterations in gene expression. Several studies
have found that diesel exhaust particulate extracts or the semivolatile phase of diesel exhaust can
bind to the Ah receptor, suggesting that some of the toxic effects of diesal exhaust may be
mediated by the Ah receptor.

Mason (1996) examined the dioxin receptor (Ah receptor) binding activity of diesal exhaust
particle extracts using an in vitro hydroxylapatite ligand binding competition assay. Relative
binding affinities were expressed as | Cso, which is the amount of sample required to reduce the
specific binding of 1 pmole/ml [*H]2,3,7,8-tetrachl orodibenzo-p-dioxin (TCDD) to the Ah
receptor by 50%. The diesal exhaust particle extracts tested were found to have an 1Cs
(expressed as activity per driving distance) of 0.002 miles/ml. The diesel exhaust particle extracts
were also assayed for AHH induction as a marker of Ah receptor binding activity in the rat
hepatoma cell line H4IIE. Extracts were fractionated on the basis of increasing polarity into five
fractions (I to V). More than 85% of the Ah receptor binding activity was found in fraction 111
(nitro-PAHSs), and about 10% was found in fraction 1 (heavy aliphatic hydrocarbons and PAHS);
the remaining activity was primarily found in fraction IV (dinitro-PAHs and quinones). The Ah
receptor binding activity of the semivolatile phase of bus diesdl exhaust was aso described. A
significant amount of Ah receptor binding was observed; binding affinities differed depending on
the particular diesel engine fuel used to generate the emissions.

A partia least squares regression analysis technique was used by Sjogren et al. (1996) to examine
the relationship between diesel fuel physical and chemical characteristics and diesel exhaust
particle extract mutagenicity and Ah receptor binding. The ligand binding competition assay
described above was used to determine Ah receptor binding affinities. Cetane number and upper
ditillation curve points were negatively correlated with Ah receptor binding, and 1-nitropyrene
and indeno[ 1,2,3-cd] pyrene content, particle-bound nitrate and emitted mass of particles were
positively correlated with Ah receptor affinity.
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5.8 SUMMARY OF GENOTOXIC EFFECTS

Diesal exhaust particles or their extracts are mutagenic in bacteria (S. typhimurium and E. coli).
Results of the Salmonella reverse mutation assay showed that nitro-PAHSs are the principal
mutagenic species and that fuel, engine type, operationa characteristics of the vehicles and
ambient conditions influence the mutagenicity of diesel engine exhaust. Early investigations of the
ability of physiologic fluids to extract mutagens from diesel exhaust particles gave weakly positive
or negative results. More recent laboratory techniques which more closely model in vivo
exposure conditions have often been able to make avail able greater mutagenic activity than that
observed with organic solvent extraction.

Diesdl exhaust particles or their extracts are mutagenic in severa mammalian cell systems (CHO,
V79, BALB/3T3, human lymphoblasts). Unlike the mixed findings obtained with nonhuman
mammalian cells, mutagenic effects in human lymphoblasts resulted only with addition of a
metabolic activation system.

Exhaust particles or their extracts induce chromosome aberrations, aneuploidy and SCEs in
rodent and human cellsin culture. Most in vivo tests for SCEs, germ cell mutations, micronuclel
formation and dominant lethals in rodents exposed by inhaation to diesel exhaust gave weakly
positive or negative results. As pointed out by IARC (1989) no study adequately evaluates
whether exposure to diesel exhaust induces chromosomal effects in humans, because of the
limited sample sizes of those studies.

In vitro exposure to diesel exhaust particulate matter can cause unscheduled DNA synthesisin
mammalian cells. Exposure by inhalation to diesel exhaust can result in DNA adduct formation in
rodents and monkeys, particularly in peripheral lung cells. Human studies also indicate that
increased levels of DNA adducts are associated with occupationa exposure to diesel exhaust, and
that increased levels of T lymphocyte mutations (hprt locus) are correlated with increased levels
of diesel exhaust-induced T lymphocyte DNA adducts. Formation of lung DNA adducts by
organic chemicals or their metabolites desorbed from diesel exhaust particles or contained in the
semivolatile exhaust phase may provide a step in the initiation of pulmonary carcinogenesis
induced by diesal exhaust.

The studies described above which indicate that human exposure to diesel exhaust resultsin the
formation of DNA adducts support the results of epidemiological studies which describe a
positive correlation between human diesel exhaust exposure and the induction of lung cancer.
Diesdl exhaust particles or their extracts are also capable of inducing cell transformation.

Diesel exhaust particles or their extracts have been demonstrated to produce superoxide and
hydroxy! radicals and inhibit the hydrogen peroxide detoxifying enzyme catalase in vitro, and
inhibit the antioxidant enzymes superoxide dismutase, glutathione-S-transferase and glutathione
peroxidase in mouse lung in vivo after intratracheal instillation. Diesel exhaust particles have aso
been shown to cause an increase in 8-hydroxydeoxyguanosine (8-OHdG) adducts in calf thymus
DNA in vitro and in lung DNA from mice exposed in vivo by intratracheal instillation.
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Both diesal exhaust particle extracts and the semivolatile phase of diesel exhaust have been shown
to have dioxin receptor (Ah receptor) binding affinity. The physical and chemical characteristics
of diesel fuel have been demonstrated to affect the Ah receptor binding affinity of the resulting
diesel engine emissions.
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6.0 CARCINOGENIC EFFECTS
6.1 ANIMAL STUDIES

This section discusses the many diesel exhaust animal cancer bioassays. It is organized by route
of exposure, with the primary emphasis on inhaation studies. Inhalation is the most common
pathway for diesel exhaust exposure in the experimental studies. Studies of intratracheal
administration of diesel exhaust components are closely related, so they are also reviewed.
Although mucociliary clearance routinely transports deposited materials from the airways to the
gastrointestinal tract, there are no available studies by oral administration of whole or fractionated
diesdl exhaust. Studies of skin painting are reviewed since skin painting of diesel exhaust extracts
allows arelatively simple screening of components and could suggest the carcinogenic
mechanism; additionally, studies suggest that dermal exposure to diesel exhaust may result in an
increased risk of genotoxicity (Savelaet al., 1995; Nielsen et al., 1996) and therefore possibly
carcinogenicity. Further comprehensive reviews may be found in IARC (1989), HEI (1995) and
WHO (1996).

Until the early-1980's, inhalation studies in rodents examining the potential carcinogenic effect of
diesal exhaust emissions failed to demonstrate any statistically significant increase in the incidence
of pulmonary tumorsin exposed animals. More recent studies utilizing higher exposure levels
and/or longer observation periods (>24 months) have consistently demonstrated significant
increases in pulmonary tumorsin rats. Unfiltered diesel exhaust istumorigenicin therat lungin a
number of studies at exposures of 2.2 mg/m® or greater (time-weighted average equivalent to 1.05
mg/m°) for varied daily durations over 2 years. Nonsignificant increases in lung tumor incidence
in rats have been observed at diesel exhaust particul ate concentrations between 0.35 and

2.2 mg/m®. Studies in mice have mixed results. Unfiltered diesel exhaust significantly increased
lung tumor incidence in female Strong A mice, female Sencar mice, and female NMRI mice. In
female Strong A mice, however, the highest exposure resulted in a decrease in lung tumor
incidence relative to controls. Exposure of female NMRI mice to filtered diesel exhaust has
produced both positive and negative results. Other studiesin mice are negative. Negative results
in hamsters are consistent with the finding that, unlike rats, hamsters do not demonstrate increases
in DNA adduct formation following a 12-week exposure to diesel exhaust particulate matter (see
Section 5.4).

6.1.1 INHALATION OF DIESEL EXHAUST OR DIESEL EXHAUST COMPONENTS
ALONE

Tables 6.1 a-c summarize the experimental inhalation studies of diesel exhaust (or diesal exhaust
components) carcinogenicity. Three animal species -- rats, mice and Syrian hamsters -- have been
adequately studied for the carcinogenic effects of inhalation of diesel exhaust. Studiesin rats and
mice have been positive and are therefore discussed below in detail. As studiesin hamsters
yielded only negative results, they are discussed briefly and are described in Table 6.1a. A study
by Lewis et al. (1986; 1989) in cynomolgus monkeys was negative. The duration of exposure in
Lewiset al. (1986) was consderably less than lifetime, rendering it unsuitable for
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adetermination of carcinogenicity. However, since it is the only non-human primate chronic
diesel exhaust exposure study, it is also discussed in detalil.

Studies examining the effect of diesel exhaust inhalation on the potency of known carcinogens
administered by other routes, either injection or intratracheal instillation are also described in this
chapter. In the inhalation studies described, animals were exposed to whole diesel exhaust unless
otherwise noted. Concentrations of diesel exhaust are expressed as the particulate matter level in
the exhaust. For example, an exposure to 6 mg/m? diesel exhaust means that the animals were
exposed to whole diesel exhaust containing 6 mg/m?® particul ate matter.

6.1.1.1 STUDIESIN MICE:

The carcinogenicity of diesel exhaust in mice has been evaluated by Pepelko and Peirano (1983),
Heinrich et al. (1986a), Takemoto et al. (1986), Heinrich et al. (1995), and Mauderly et al.
(1996). Each study is summarized below. (See aso Table 6.1.b)

Pepelko and Peirano, 1983:

The effects of diesel engine emissions were evaluated in three different groups of mice: Strong A,
Jackson A, and Sencar. Strong A and Jackson A were evaluated using the Strain A mouse
pulmonary adenoma assay. Requiring only seven to eight months of exposure, thisis basicaly a
screening test for carcinogens. A negative result does not necessarily rule out the possibility that
the test substance may be carcinogenic. The protocol involved examining the surface of excised
lung lobes for white nodules. These adenomas are benign tumors. There is probably insufficient
time for them to progress to the stage of malignancy in such a short duration of exposure. Strong
A mice were exposed for 8 or 20 h/d, 7 d/w, to clean air, diesel exhaust containing particul ate at
levels of 6 mg/m®, or diesel exhaust container 12 mg particulate/m? starting at 6 weeks of age.
Sample size ranged from 25 to 430 (see Table 6.1.b). Jackson A mice (20 males, 20 females)
were exposed to clean air or 6 mg/m® diesel exhaust. The exposure periods varied from 8 weeks
to 46 weeks in length and animals were kept for varying lengths of time after exposure ceased.
Results for a matched group of animals also injected with asingle dose of 1 or 5 mg urethane at
the start of exposure will be discussed in Section 6.1.1.3. Diesel exhaust was generated using a 6
cylinder Nissan engine run on the Federal Short Cycle. Particle diameters were generally < 0.1
pm. The analytical methods used to characterize the particles were not reported.

In the Jackson A mice, the clean air and diesel exposed (6 mg/m®) animals exhibited similar tumor
incidence. In male Strong A mice there were no significant differences between clean air and 6
mg/m® diesel exposed animals. In female Strong A mice there was asmall but statistically
significant increase in pulmonary tumor incidence in the group exposed to 6 mg/m?® diesel exhaust
compared to those breathing clean air. (See Table 6.2.b. and Section 6.1.1.3 for description of
this positive study.)

In contrast, the exposure of Strong A mice to 12 mg/m® diesel exhaust resulted in a significant
decrease in tumors in both females and males compared to clean air control animals (22 with
tumors/258 mice exposed versus 59 with tumors/250 control mice). The authors could not
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explain the inconsistent results produced at the different exposure levels, but noted that the results
could not be explained by increased mortality of the mice susceptible to tumor induction because
survival rates were not significantly atered by exposure conditions.

The carcinogenic effects in Sencar mice (130 males, 130 females) were examined in atwo-
generation study. The parent generation was exposed continuously to clean air or 6 mg/m?® diesel
exhaust from weaning age to sexua maturity and then mated. Exposure of the dams was
continued through pregnancy, parturition, and weaning of offspring. The concentration was
increased to 12 mg/m® when the mean age of the offspring was 12 weeks and continued until 15
months of age, when the study was terminated.

The body weight of diesel exposed animals was depressed after 40 weeks of exposure. The
percent of pulmonary tumors (p<0.05), particularly adenomas (p<0.02), was significantly
increased in the female offspring exposed to diesel exhaust. No significant differences were
detected in the male offspring exposed to diesdl exhaust.

Henrich et al., 1986a:

Female NMRI mice were exposed for 19 h/d, 5 d/wk for up to 120 weeks. All animalswere 8 -
10 weeks old at the start of exposure. The animals were placed in one of three exposure groups
of 96-animals each: 1) clean air; 2) filtered diesel exhaust (i.e. without the particles); and 3)
unfiltered diesel exhaust. Filtered and unfiltered exhaust were diluted 17-to-1. Particulate
concentration was approximately 4 mg/m?® in the unfiltered diesal exhaust exposure. A 40
kilowatt 1.6 liter diesel engine served as the source for the exhaust emissions. The engine was
operated continuously according to the US 72 test driving cycle. The diesel fuel used was a
European Reference Fuel with a sulfur content of 0.36%. The mass median aerodynamic
diameter (MMAD) of the diesal particles was approximately 0.35 um. Histological evaluations of
12 different types of tissues, or in some cases an additional eight different types, were conducted
at scheduled or moribund sacrifices.

The body weights of the mice exposed to the filtered exhaust did not significantly differ from the
controls. The body weights of mice exposed to unfiltered diesel exhaust fell significantly below
control values after approximately 480 days. After this time the exposed mice suffered from a
significantly higher weight loss than the controls. An exposure-related elevation of mortality rate
occurred with mice after two-years exposure to unfiltered diesel exhaust. After the two years of
exposure to unfiltered diesel exhaust the wet weight and dry weight of the lungs was increased to
four and seven times higher than the controls.

The control group of mice showed a spontaneous lung tumor incidence of 13% at the end of the
study. Exposure to unfiltered and filtered diesel exhaust for 120 weeks increased the tumor
incidence at the end of the study to 32 and 31%, respectively. The numbers surviving in the three
groups were 84, 93 and 76 out of 96 entering the study. Exposure to both filtered and unfiltered
diesal exhaust caused a significant increase in adenocarcinomas, while the adenoma incidence was
practically the same asin the controls. Spontaneous adenocarcinomas of the lung were found in
2.4% of the control mice. No effects could be observed in the upper respiratory
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tract (i.e., nasal cavities, larynx or trachea). Both filtered and unfiltered diesel exhaust increased
the incidence of malignant lung tumors.

Takemoto et al., 1986:

Newborn male and female C57BL/6N and ICR mice were exposed to diesel exhaust (2 - 4 mg/m®
particulate concentration) or clean air for 4 h/d, 4 d/wk starting within 24 hours of birth and
continuing for up to 28 months. Necropsies were carried out at 3, 6, 12, 18 and 28 months on
114, 85, 72 and 44 ICR mice and 50, 46, 98 and 103 C57BL mice, respectively. Exhaust was
produced by asmall diesel engine (YANMAR NSA-40CE) normally used for an electric
generator. The authors stated that the engine had some different characteristics from those of a
diesel-powered car; however, these characteristics were not reported. The MMAD of the
particles was 0.32 pm.

No lung tumors were detected in control or diesel exposed C57BL/6N mice necropsied up to 12
months. In the 13-to-18 month and 19-to-28 month periods combined (male and female mice),
adenomas or adenocarcinomas were found in 17/150 (11%) of exposed mice, compared to 1/51
(0.02%) in controls.

In ICR mice no lung tumors were detected until after 12 months. In the 13-to-18 month and 19-
to-28 month periods combined (male and female mice), adenomas or adenocarcinomas were
found in 14/56 (25%) of exposed mice, compared to 7/60 (12%) in controls.

In this study the authors stated that none of the individual increases in the lung tumor incidence of
diesal exhaust exposed mice was statistically significant compared with control animals breathing
clean air. However, adtatistical anaysis by Pott and Heinrich (1990) indicated that the difference
in benign and malignant tumors between diesel exhaust-exposed C57BL/6N mice and the
corresponding controls was significant a p < 0.05. Diesal exhaust exposure did not result in any
statistically significant increase in tumors in seven other organs examined.

Henrich et al., 1995:

Female NMRI mice were exposed to diesel exhaust containing 7 mg/m?® particul ate matter, carbon
black (7.4 mg/m? for 4 months, followed by 12.2 mg/m?® for 9.5 months), or titanium dioxide
(TiO,) (7.2 mg/m® for 4 months, followed by 14.8 mg/m® for 4 months and 9.4 mg/m® for 5.5
months) for 13.5 months, followed by clean air for 9.5 months. A second set of female NMRI
mice were exposed to diesel exhaust containing 4.5 mg/m? particul ate matter or the equivalent
concentration of diesal exhaust with the particulate matter removed by filtration (particle-free
diesal exhaust) for 23 months. Appropriate clean air controls were included. 80 and 120
animals/group were examined for tumors in the 13.5 and 23 month exposure durations,
respectively. Female C57BL/6N mice were exposed to diesel exhaust containing 4.5 mg/m®
particulate matter or the equivalent concentration of particle-free diesel exhaust for 24 months,
followed by clean air for 6 months. 120 animals/group were examined for tumors. Diesel exhaust
was generated by two 1.6 L Volkswagen diesel engines. One engine (the primary exhaust source)
was operated on the U.S. 72 cycle; when necessary, exhaust gas was
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supplemented by the second engine, which was operated under constant load conditions (2500
U/minute, 40 N). The mass median aerodynamic diameter (MMAD) of the exposure chamber
particles were 0.25, 0.64 and 0.80 um for diesel exhaust, carbon black and TiO,, respectively. All
animals were 7 weeks of age at the start of exposure, and were exposed for 18 hours/day, 5
days/week. The carbon black and TiO, exposure concentrations were varied to maintain alung
particle load comparable to the diesel exhaust exposure group as determined from particle lung
burden data (obtained at 3, 6, and 12 months of exposure).

The mortality rates for the NMRI mice exposed to treatments for 13.5 months were 10%
(contrals), 16% (diesel exhaust), 20% (carbon black) and 30% (TiO,) at the end of treatment. A
50% mortality rate was reached at 17, 19, 19 and 20 months of age for the TiO,, diesal exhaust,
carbon black, and control groups, respectively. Mean body weights of the diesel exhaust, carbon
black and TiO, exposure groups were significantly less (5-7%) than those of controls after 6
months, 11 months and 8 months, respectively. Mean lung wet weights at 3 and 12 months of
exposure were increased in the diesel exhaust (0.3 g, 0.6 g), carbon black (0.3 g, 1.0 g) and TiO,
(0.3 g, 0.9 g) treatment groups compared to controls (0.2 g, 0.2g ). Mean lung particle burdens
(mg/lung) after 3, 6 and 12 months of exposure were: 1.7, 4.1 and 7.0 for the diesel exhaust
exposure group; 0.8, 2.3 and 7.4 for the carbon black exposure group; and 0.8, 2.5 and 5.2 for
the TiO, exposure group, respectively. The mean lung particle loads after 12 months of exposure
(expressed as mg particles/g clean air control lung) in the diesel exhaust, carbon black and TiO,
exposure groups were 35, 37 and 26 mg, respectively. The adenoma/adenocarcinoma percent
incidence in those exposure groups was 21.8%/15.4% (diesel exhaust), 11.3%/10% (carbon
black), 11.3%/2.5% (TiO,) and 25%/15.4% (clean air controls). The lung tumor rates (adenomas
and adenocarcinomas combined) for the diesel exhaust (32.1%), carbon black (20%) and TiO,
(13.8%) exposure groups were not significantly different from that of the control group (30%). A
tumor rate analysis which compensated for the significantly increased mortality of the treatment
groups compared to controls at 13.5 months also found that lung tumor rates in the treatment
groups were not significantly increased when compared to controls.

The authors stated that mortality ratesin NMRI mice exposed for 23 months were only dightly
higher for 4.5 mg/m® diesel exhaust-exposed mice starting at 350 days (from birth) compared to
the control and particle-free exhaust groups. Diesdl exhaust and particle-free exhaust treatment
group mean body weights were significantly decreased starting at 1 year and continuing to the end
of the exposure period. Mean lung wet weights of the diesal exhaust-exposed group were 2-fold
and 3-fold greater than controls after 6 and 18 months, respectively. Mean lung wet weight data
was not provided for the particle-free exhaust treatment group. Mean lung particle burdens after
3, 6, 12 and 18 months of exposure were 0.9, 2.4, 4.0 and 5.9 mg/lung for the diesel exhaust
exposure group. The mean lung particle load after 18 months of exposure (expressed as mg
particles/g clean air control lung) was 29.5 mg. The control, diesel exhaust, and particle-free
exhaust groups demonstrated percent incidences of adenomas/adenocarcinomas of 25%/8.8%,
18.3%/5% and 31.7%/15%, respectively. The total tumor percent incidence (benign and
malignant combined) was 30%, 23% and 46.7% for the control, diesel exhaust and particle-free
exhaust groups, respectively. The difference in total lung tumor rate between the control and
particle-free exhaust groups was of borderline statistical significance (p = 0.053). No statistical
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analysis was presented for adenocarcinoma incidence alone as opposed to total lung tumor
incidence.

After 24 months of exposure, the mortality rates in the C57BL/6N mice were 55%, 58% and 67%
in the control, particle-free exhaust and diesel exhaust groups, respectively. The 50% mortality
rate occurred after 25 months in the diesel exhaust group and at 27 months in the other two
groups. The authors did not indicate if the difference in mortality between the controls and the
diesdl exhaust-exposed animals was significant. Mean body weights were not significantly altered
by treatment compared to controls. Mean lung wet weights of the diesel exhaust-exposed were
doubled after 6 months of exposure when compared to controls. Mean lung particle burdens after
3, 6, 12, 18 and 21 months of exposure were 0.8, 2.3, 3.5, 4.3 and 5.5 mg/lung for the diesel
exhaust exposure group. The mean lung particle load after 21 months of exposure (expressed as
mg particles/g clean air control lung) was 31.6 mg. Thetota (benign and malignant) lung tumor
rates for diesel exhaust and particle-free exhaust exposed animals (8.5% and 3.5%) were not
significantly increased compared to controls (5.1%).

Mauderly et al., 1996

This study presents results from adiesel exhaust carcinogenicity bioassay using CD-1 mice
performed at the same time as a previoudly reported diesel exhaust bioassay using Fischer 344 rats
(Mauderly et al., 1987). Male and female CD-1 mice (17 weeks of age) were exposed to diesel
exhaust (particle content 0.35, 3.5 or 7.1 mg/m°) for 7 hours/day, 5 days/week for 24 months. A
clean air control group was aso included. The number of mice evaluated for tumors ranged from
59 to 82 males and from 88 to 104 females per treatment group. Animals were entered into the
treatment groups at three times (12-13 months apart), and exposed and treated identically. Diesel
exhaust was generated by 1980 model 5.7-liter Oldsmobile V-8 engines operated continuously on
the U.S. Federal Test Procedure urban certification cycle.

The median life spans of malesin the 0.35 (490 days) and 3.5 mg/m?® (450 days) exposure groups
were significantly reduced compared to controls (550 days). However, the median life spans of
the male 7.1 mg/m® exposure group (561 days) and al of the female exposure groups were not
significantly different from controls. Mean lung particle burdens after 18 months of exposure
were 0.2, 3.7 and 5.6 mg/lung for the 0.35, 3.5, and 7.1 mg/m® exposure groups, respectively..
Alveolar/bronchiolar adenomas and adenocarcinomas were observed in the lungs of both diesel
exhaust-exposed and control mice. However, lung tumor incidences in the exposed groups were
not significantly different from controls as determined by logistic regression analysis (see Table
6.1.b).

6.1.1.2 RATS:

In rats the results of eleven cancer bioassays of inhaation of diesel exhaust aone are presented in
Table 6.1c. None of the four studies with either exposure periods of less than 7 hours/day, 5
days/week for 24 months or particulate exposure concentrations of less than 2.2 mg/m®
(Karagianes et al., 1981; White et al., 1983; Lewis et al., 1986, 1989; Takemoto et al., 1986)
gave positive results for carcinogenesis of diesel exhaust. These studies are not discussed in



MAY 1998

detail here but are discussed under non-cancer effects; the studies by Karagianes et al., (1981),
White et al., (1983) and Takemoto et al., (1986) were also reviewed by IARC (1990). The seven
studies which presented positive results (Brightwell et al., 1986, 1989; Heinrich et al., 1986;
Ishinishi et al., 1986a; Iwal 1986; Mauderly et al., 1987a; Heinrich et al., 1995; Nikula et al.,
1995) are discussed below.

Brightwell et al., 1986, 1989:

This chronic inhalation study examined the comparative toxicity and carcinogenicity of four types
of engine exhaust emissions. The emissions used were those from (1) agasoline engine; (2) a
gasoline engine fitted with a 3-way cataytic converter; (3) adiesdl engine; and (4) adiesdl engine
with particle filtration. The exhaust emissions used in this study were generated by two Renault
R18 1.6-liter gasoline engines and a VW Rabbit 1.5-liter diesal engine. All engines were run
according to the US-72 (FTP) driving cycle. Normal standard diesel fuel (European quality) and
US quality lead-free gasoline (Shell, Switzerland) were used for the engines.

The study compared ten experimental groups of Fischer 344 rats. Three concentration levels
were used for the unfiltered diesel exposed animals (particle concentrations for low - 0.7 mg/m?,
medium - 2.2 mg/m®, and high - 6.6 mg/m°), two concentration levels for the filtered diesdl
exposed groups (same as unfiltered medium and high dose except particles removed), and two
concentration levels for each of the gasoline emission types (medium, 1.2% exhaust (v/v) and
high, 3.5% exhaust (v/v)). Control animals were exposed to clean air. Each experimental group
(except for controls) contained 144 rats. The control group contained 288 rats. Each group
contained an equal number of males and females.

Exposures to the test or control atmospheres were carried out overnight with five 16-hour
exposure periods per week. This schedule resulted in exposure during the active phase of the
animal’sdiurnal cycle. Exposures were continued for 2 years. Rats surviving at the end of
exposure were maintained for a further 6 months without exposure to exhaust emissions.

Interim sacrifices of rats were carried out at 6, 12, 18, and 24 months. Body weights were
determined at 3-week intervals. All animalsthat died or were sacrificed were subject to afull
necropsy, with al maor organs being preserved in 10% buffered formalin. Histopathological
examination was carried out on the respiratory tract (nasal passages, larynx, trachea and lungs) in
al high dose and control animals. Histological examinations were also carried out on suspected
tumorsin all animals, regardless of their experimental treatment.

Apart from the unfiltered diesel exposure groups, the concentration of exhaust emission particles
in al chambers was below the limit of detection (< 0.21 mg/m®). In the unfiltered diesel exhaust
chambers the mean particle concentrations were 0.7, 2.2 and 6.6 mg/m® for the low-, medium-
and high-concentration chambers, respectively. The median diameters of particles were 0.04,
0.08 and 0.14 pm for the gasoline, gasoline plus converter, and unfiltered diesel exhaust,
respectively. The number of particlesin the filtered diesel exhaust chamber wastoo low for size
distribution measurements to be made.
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Statistically significant differences in body weight between emission-exposed and control animals
were observed. A clear treatment-related reduction in growth rate in the gasoline high-dose
group and in unfiltered diesel groups was observed compared with controls. No consistent
differences were observed in any other treatment groups.

Changes in organ weights were aso reported. The most marked and consistent change was an
increase of lung weight in male and female rats exposed to unfiltered diesel exhaust, compared
with controls. Thiswas statistically significant only in the medium and high dose groups. There
was a steady increase in the magnitude of the changes with increasing exposure time.

No increase in the overall incidence of respiratory tract tumors was observed in the gasoline,
gasoline catalyst or filtered diesel exposed groups. Compared to the control group, the medium
and high dose unfiltered diesel groups (2.2 and 6.6 mg/m°) showed an increase in respiratory
tumor incidence in rats. The incidence of lung tumors in females was considerably higher than in
males. The overall total number of rats with primary lung tumors was as follows: control - males
2/134 (1.5%), females 1/126 (0.8%); 0.7 mg/m® - males 1/72 (1.4%), females 0/71 (0%); 2.2
mg/m® - males 3/72 (4.2%), females 11/72 (15.3%); and 6.6 mg/m® - males 16/71 (22.5%),
females 39/72 (54.2%).

The mgjority of lung tumors appeared during the 6-month observation period which followed 24
months of exposure. The highest incidence of tumors was seen in female rats dying after the end
of exposure (25 - 30 months) in the unfiltered diesel high-dose group. These animals showed a
primary lung tumor incidence of 96% (24 out of 25 animals), with 79% (19) of the tumors
diagnosed as malignant. The highest incidence of tumors in males was a so seen after 24 months,
when the tumor incidence was 44% (12/27), with 83% (10/12) of the tumors diagnosed as
malignant.

Many of the rats exposed to unfiltered diesel exhaust exhibited multiple lung tumors. For
example, 39 of the 72 female rats in the high dose group exhibited lung tumors, but atotal of 75
primary lung tumors was identified in these 39 animals. Within any one animal the tumors were
often of markedly different histologica types. In both males and females subject to the high
exposure of unfiltered diesel exhaust, the following types and numbers of primary lung tumors
were identified: 40 adenomas; 35 squamous cell carcinoma; 19 adenocarcinomas; 9 mixed
adenoma/adenocarcinomal/squamous cell carcinoma; and | mesothelioma.

Henrich et al., 1986a:

Female Wistar SPF (specific pathogen free) rats were exposed for 19 h/d, 5 d/wk for 140 weeks
starting at 8 to 10 weeks of age. The animalsin groups of 96 were exposed to clean air,
unfiltered diesal exhaust (4 mg/m®), filtered diesel exhaust diluted by the same amount (17-to-1),
and coke oven flue gas (4-7 mg/m®). The diesel exhaust, source and exposure set-up were
identical to that reported for the study conducted by the same authors in mice (see Section
6.1.1.1). A variety of physiological, biochemical and cytological data were collected at 1 and 2
years of exposure. Full histological evaluations were conducted at scheduled or moribund
sacrifices.
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The body weights of the rats exposed to the filtered exhaust did not differ significantly from
controls. The body weights of rats exposed to unfiltered diesel exhaust fell significantly below
control values after approximately 480 days. After thistime the weight gain of the exposed rats
was consistently retarded compared with the controls. The median experimental lifetime of the
animals, i.e. the time period of exposures after which 50% of the animals of a group were still
alive, was not significantly influenced by the exposures.

After one year of exposure to unfiltered diesel exhaust, the wet and dry weights of the lungs of
rats significantly increased in comparison to the controls. After two years the difference
amounted to 3 to 4 times higher in unfiltered exhaust-exposed animals in comparison to the
control.

After 140 weeks of exposure no lung tumors were reported in the clean air or in the filtered
exhaust-exposed animals. After the exposures to unfiltered diesel exhaust, significant
morphological changes occurred. In this exposure group 15 out of 95 (approximately 16%) rat
lungs examined exhibited atotal of 17 tumors. They were diagnosed as 8 bronchial-alveolar
adenomas and 9 squamous cell tumors (8 benign cysts, 1 carcinoma). The inclusion of benign
cysts astumors is not done in most risk analyses (including this one); generally atumor is defined
for risk assessment as alesion that either is malignant or may be expected to become malignant.
In addition, out of 95 rats, 94 exhibited hyperplasia and 62 exhibited metaplasiain their lungs.
There was additional evidence of severe inflammatory changes, including thickened alveolar septa
and foci of macrophages. The upper respiratory tract showed no exposure-related changes. These
results suggest that in the rat lung the inhaled particles were involved in the induction of the lung
tumors found. This conclusion differs from that reported by the same authors in mice (see
Section 6.1.1.1), where increased malignancies were found in both the filtered and unfiltered
exhaust.

In comparison, rats exposed to the coke oven flue gas (Heinrich et al., 1986b), which has nearly
1000-fold more BaP than the diesel exhaust, exhibited less severe non-neoplastic changes than the
rats exposed to unfiltered diesel exhaust. However, despite the lesser incidence of non-neoplastic
changes, 21 of 116 rats (18.1%) exhibited 22 lung tumors. These tumors were diagnosed as 1
bronchio-alveolar adenoma, 1 bronchio-alveolar carcinoma, and 20 squamous cell carcinomas, a
very significant increase above the control incidence of zero.

Ishinishi et al., 1986, 1988:

This study evaluated the carcinogenicity of the exhaust of alight-duty (LD) and a heavy duty
(HD) diesdl engine. Groups of 64 male and 59 female Fischer 344/Jcl rats (SPF) were exposed to
whole diesel exhaust diluted to varying degrees with clean air for 16 hr/day, 6 days/wk, for up to
30 months from age 5 weeks. Sacrifices of (usually) 14 males and nine females occurred at six-
month intervals. Inthe LD test, the diesel exhaust particulate concentrationswere 0.1, 0.4, 1,
and 2 mg/m®. In the HD test the 4 exhaust particulate matter concentrations were 0.4, 1, 2, and 4
mg/m?®, also obtained by dilution. Both studies had controls exposed to clean air. The diesel fuel
was JS No. 1 or No. 2 light oil.
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The authors reported only minor differences among survival rates and body weight in the different
exposure groups. Black discoloration of lungs in the exposed animals increased with
concentration and time of exposure. Marked hyperplasia of the type Il epithelial cells occurred in
the higher concentration groups after 18 months. With exposure, adenomatous hyperplasia
increased to 99 lesions in 247 animals at the highest LD exposure and 39 lesions in 247 animals at
the highest HD exposure. At the distal ends of the respiratory bronchioles in regions of carbon
deposition, the bronchiolar epithelium usually extended continuously toward the alveolar ducts.

Incidences of neoplasmsin the LD tests were 4/123, 3/123, 1/125, 5/123, 3/124 for the 0, 0.1,
0.4, 1.0, and 2.0 mg/m® exposure groups respectively. These results do not represent a
statistically significant trend with increasing exposure. Incidences of neoplasmsin the HD tests
were 1/123, 1/123, 0/125, 4/123, 8/124 for the 0, 0.4, 1.0, 2.0, and 4.0 mg/m? exposure groups,
respectively. Theincidence at the highest exposure in the HD test is the only one of these
incidences that, by itself, differs significantly (p<0.02 by the Fischer exact test) from the relevant
control value.

In both tests together, there were four adenomas, 16 adenocarcinomas, 5 adenosguamous
carcinomas and 5 squamous carcinomas. Regions of adenomatous hyperplasia were often noted
in the vicinity of the cancer foci.

Iwai et al., 1986:

Female Fischer 344 (SPF) rats in groups of 24 were exposed unfiltered diesel exhaust containing
4.9 mg/m? particul ate matter, filtered diesel exhaust, or clean air for 8 hr/d, 7d/wk and continued
for 24 months. A 2.4 liter diesel truck engine generated the exhaust. Animals were necropsied at
3, 6, 12, and 24 months of exposure. Some of the rats exposed for 12 or 24 months were
thereafter kept in clean air for three or six months, respectively, and then necropsied.

The ratsin the unfiltered diesel exhaust group showed lower body weights compared with those
in the filtered exhaust group and the control group. The ratio of lung weight to body weight
increased after 12 months exposure to unfiltered exhaust to over twice that of the control group,
and approximately three times after 24 months of exposure. In the rats exposed 24 months to
filtered exhaust, the ratio of lung weight to body weight increased only dlightly compared to
controls.

No lung tumors were observed in the 15 rats that died prior to the main sacrifice at the end of the
two-year exposure period. In the 15 rats exposed to clean air for 24 months no lung tumors were
found, but in seven 30-month control rats one adenoma was observed. The resulting incidence of
lung tumors in the control rats surviving two years or more was 4.5% (1/22). In the rats of the
filtered-exhaust group no lung tumors were found. In the unfiltered-exhaust group 4 out of 14
rats had lung tumors at the end of the two year exposure, 2 of them being diagnosed as malignant.
In the group maintained in clean air after two years exposure to unfiltered exhaust, 4/5 rats had
lung tumors, 3 of which were malignant. Therefore, among the 19 rats exposed to unfiltered
exhaust for two years, atotal of eight (42.1%) bore lung tumors, five (26.3%) of which were
malignant. The incidence showed a significant difference (p<0.01) between the control and
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the unfiltered exhaust groups. The histological types and number of tumors were: 3 adenomas, 1
adenocarcinoma, 2 adenosguamous carcinomas, 1 squamous carcinoma, and 1 large cell
carcinoma.

In the unfiltered (25%) as well as the filtered (37.3%) exhaust groups, splenic malignant
lymphomas were found to be elevated (p<0.05) compared to controls (8.3%). This seemsto be
the first report of malignancies of the spleen due to inhaled diesel exhaust. The authors reported
that the large-scale historical occurrence of lymphoma/leukemiain Fischer 344 rats ranged from
8.3% to 18.8%. In this experiment the significant differences in the rate of malignant lymphoma
of the spleen of the two exposed groups, frequently complicated by leukemia, was attributed by
the authors to the effect of gas phase, accelerating an occurrence of the disease in Fischer 344
rats.

The tumor incidences in organs other than the lung or spleen were: 8.2%, 25% and 29.1% in the
control, filtered and unfiltered diesel exhaust exposure groups, respectively. The statistical
significance of these data was not reported. The number of animals exhibiting multiple tumors
(i.e. greater than 1 tumor per animal) was greater in exhaust exposed groups than in controls.

Mauderly et al., 1987a

Male and female SPF F344/Crl rats (age 17 weeks) were exposed to diesel engine exhaust at
particul ate concentrations of 0.35, 3.5 and 7.0 mg/m® or to clean air for 7 h/d, 5 d/wk for up to 30
months. The MMAD of the diesel exhaust particulate was 0.25 um. The exhaust was generated
by 21980 Model 5.7L Oldsmobile V-8 engine using D-2 diesel control fuel meeting US EPA
certification standards.

A subgroup of each exposure group was killed at 6-month intervals for evaluations such as lung
burdens of soot, histopathology, and immune responses. Of the seridly sacrificed rats, only those
designated for histopathology were examined for lung tumors. The remaining rats, those which
either died spontaneoudly, were euthanized when found moribund or survived to 30 months, were
also examined histologicaly. Of atotal of 364-367 rats entered into each treatment group, 221-
230 were examined for lung tumors.

Diesel exhaust exposure did not cause overt signs of toxicity. When the data from both sexes
were combined, the median survival time of the high-level exposure group was dightly, but not
significantly shorter than the control group. Exhaust particulate matter progressively accumulated
inlungs of rats at all exposure levels. The increase in lung burden of particulate matter was
significant for al groups and was much larger in the two highest exposure groups than at the
lowest exposure concentration. Lung disease was evident at the middle and high-level exposure
groups, and paralleled the soot accumulation. A chronic, active inflammation accompanied focal
accumulation of soot in alveolar macrophages. Epithelial cells were altered, and epithelial
hyperplasia consisted of bronchiolar cell types intruding into the alveoli. Metaplasia occurred
adjacent to fibrotic foci. The lesions were focal and much of the lung parenchyma appeared
normal.
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The authors reported an overall tumor incidence for each exposure group. They combined the
data from the seridly sacrificed animals with the data from those animals which died, were
euthanized or were terminated at the end of the study. The overal prevalence of lung tumors was
significantly (p<0.05) increased at the high (29/227, 12.8%) and medium (8/221, 3.6%) dose
levels above the control prevalence (2/230, 0.9%). The tumor incidence in the low dose group
was similar to controls (3/223, 1.3%).

Four tumor types, all of epithelia origin, were observed: adenoma, adenocarcinoma, squamous
cyst, and squamous cell carcinoma. The tumors at the high level were both malignant tumors and
sgquamous cysts. As explained in reviewing Heinrich et al. (1986a) above, the definition of tumor
in arisk assessment excludes those lesions not expected to progress to malignancy. Eleven of the
33 lesions reported as tumors were (benign) squamous cysts in the highest dose group. The
tumors at the medium level were primarily adenomas, although 2 were designated squamous
cysts. The tumors described were incidental findings at death or termination. None of the tumors
were found to have metastasized to pulmonary lymph nodes or to other organs.

The vast mgority of tumors was detected from 24-months to the end of the study at 30 months.
The time of tumor observation is particularly noteworthy in view of the 24-month observation
time commonly used for chronic carcinogenesis studiesin rats. Of all rats observed to have
tumors, only 19% were identified at or before the 24-month termination.

In interpreting this study, it is appropriate to keep in mind that at the higher exposure levels rats
accumulated lung burdens of particul ate matter greater than those which would be predicted from
results at the low exposure level. It has been shown (Section 3) that this effect is associated with
aslowing of the clearance of particles from the lung after prolonged exposure of rats to diesel
exhaust. Thisfinding suggests that caution should be exercised in extrapolating the lung tumor
prevalence among rats exposed to high levels of exhaust to potential carcinogenicity among
people exposed to lower levels.

The authors pointed out that the finding of exhaust-induced tumorsis consistent with an
initiation-promotion mechanism of chemical carcinogenesis. DNA extracted from lungs of high
level ratsin the present study after 30 months of exposure was shown to have an increased
number of adducts in comparison to DNA extracted from lungs of controls (Wong et al., 1986)
(see Section 5). Thisfinding suggests that interaction of reactive metabolites of soot-associated
organic compounds with lung cell DNA provided an initiating event. The progressive
accumulation of diesel particulate may have provided a continuous source of mutagenic
compounds. The chronic inflammation and epithelia cell proliferation could have acted as
promoting influences.

The authors aso pointed out that the squamous tumors might have been a generalized response of
the lung to the presence of large quantities of relatively insoluble foreign material. The squamous
tumors in the present study were always associated with areas of soot deposition, epithelial cell
alterations, and fibrosis, while the other tumor types were not always associated with these
lesons. The squamous tumors, therefore, may very likely have progressed from the focal
sguamous metaplasia.
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Henrich et al., 1995:

Female Wistar rats were exposed to diesal exhaust (0.8, 2.5 or 7 mg/m?), carbon black (7.4 mg/m®
for 4 months, followed by 12.2 mg/m® for 20 months), or titanium dioxide (TiO,) (7.2 mg/m? for
4 months, followed by 14.8 mg/m?® for 4 months and 9.4 mg/m? for 16 months) for 24 months,
followed by clean air for 6 months. Appropriate clean air controls were included. The number of
animals/group examined for tumors were 220 for the clean air controls, 200 for the 2.5 and 0.8
mg/m® diesel exhaust exposure groups and 100 for the 7 mg/m® diesel exhaust, carbon black and
TiO, exposure groups. Diesel exhaust was generated as described in Section 6.1.1.1 (resultsin
mice). All animalswere 7 weeks of age at the start of exposure, and were exposed for 18
hourg/day, 5 days/week. The carbon black and TiO, exposure concentrations were varied to
maintain alung particle load comparable to the 7 mg/m® diesel exhaust exposure group as
determined from data obtained at interim sacrifices.

The mortality rates after 24 months of exposure were 42% (controls), 45% (0.8 mg/m® diesel
exhaust), 52% (2.5 mg/m® diesel exhaust), 47% (7 mg/m® diesel exhaust), 56% (carbon black) and
60% (TiO,). After 130 weeks (exposure time followed by clean air) the mortality rates were 85%
(controls), 86% (0.8 mg/m® diesel exhaust), 89% (2.5 mg/m? diesel exhaust), 82% (7 mg/m®
diesdl exhaust), 92% (carbon black) and 90% (TiO,). Mean body weight was significantly
reduced compared to controls starting at day 440, 200, 300 and 400 for the 2.5 mg/m® diesd
exhaust, 7 mg/m® diesel exhaust, carbon black and TiO, exposure groups, respectively. Mean
body weights for those groups were also significantly lower than those of controls at the end of
the 24 month exposure.

Lung wet weights were determined at 3, 6, 12, 18, 22 and 24 months of exposure. Mean lung
wet weights were not increased in the 0.8 mg/m® diesel exhaust compared to controls, and were
not increased in the 2.5 mg/m?® diesal exhaust until 22 months of exposure. Mean lung wet
weights of the 7 mg/m?® diesel exhaust exposure group increased consistently throughout the 24
month exposure period, and increased in the carbon black and TiO, exposure group up to 18
months. Those weights then either plateaued or dightly decreased for the remainder of the
exposure period. Lung particle (including lung-associated lymph nodes) burden increased
consistently through the exposure period for all treatment groups. The lung particle burden for
the 7 mg/m® diesel exhaust, carbon black and TiO, exposure groups was similar for the first 12
months of exposure. Lung particle burden increased to a much greater degree during the second
12 months of exposure for the 7 mg/m® diesel exhaust group (80% increase) than for the carbon
black and TiO, exposure groups (13% and 15% increases, respectively).

L ung tumors were not observed in the 7 mg/m® diesel exhaust, carbon black and TiO, exposure
groups at 6 and 12 months of exposure (interim sacrifice of approximately 20 animals/group).
After an experimental period of 30 months (24 months of exposure followed by 6 months of clean
air), lung tumor (benign and malignant, including benign squamous-cell tumors) incidences were
significantly increased in the 2.5 mg/m® diesel exhaust (5.5%), 7 mg/m® diesel exhaust (22%),
carbon black (39%) and TiO, (32%) exposure groups. No lung tumors were observed in the 0.8
mg/m® diesal exhaust group, and one lung tumor (an adenocarcinoma) was found in the control
group. Lung tumor incidences between the various exposure groups were compared
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using cumulative particle exposures (particle concentration multiplied by exposure time), since a
comparison using particle concentration was not possible due to the variable exposure
concentrations used with the carbon black and TiO. groups. The authors stated that a
comparison using cumulative particle exposures indicated that for all particle types combined,
total lung tumor rate increased with increasing cumulative particle exposure. The total tumor
incidence of the carbon black group (39%) was significantly greater than the 7 mg/m® diesel
exhaust group (22%) after taking survival into account; the difference between the TiO, (32%)
and 7 mg/m® diesal exhaust groups was not significant.

Nikulaet al., 1995:

Male and female Fischer 344/N rats (7 to 9 weeks of age) were exposed to diesel exhaust or
carbon black 16 hours/day, 5 days/week for 23 months. Target particle concentrations of diesel
exhaust and carbon black were 2.5 and 6.5 mg/m®. Diesel exhaust was generated using two 1988
Model LH6 Genera Motors 6.2-liter V-8 engines operated on the Federal Test Procedure urban
certification cycle. Particle size was bimodal for both diesel exhaust and carbon black; the mass
median aerodynamic diameter (MMAD) of the large-size mode was 2.0 um and 1.95 pum for
diesel exhaust and carbon black, respectively. The MMAD for the small-size mode was 0.1 um
for both diesel exhaust and carbon black. Approximately 23% and 67% by mass of the diesel
exhaust and carbon black particles, respectively, were in the large-size mode. Treatment groups
ranged in size from 114-118 and 114-116 animals/group for males and females, respectively.
Interim sacrifices were conducted at 3, 6, 12, 18 and 23 months of exposure using 6
animals/group (3 male, 3 female).

Mortality in males was increased compared to corresponding controls in both carbon black
exposure groups after approximately 500 days, and in the 6.5 mg/m® diesel exhaust group after
about 600 days. At 23 months, percent cumulative mortality in males was 86% for controls, 86%
and 94% for the 2.5 and 6.5 mg/m® diesel exhaust groups, respectively, and 96% and 99% for the
2.5 and 6.5 mg/m® carbon black groups, respectively. Percent cumulative mortality in females
was 64% for controls, 69% and 73% for the 2.5 and 6.5 mg/m® diesel exhaust groups,
respectively, and 60% and 74% for the 2.5 and 6.5 mg/m® carbon black groups, respectively.
Body weights were reduced by all treatments except for 2.5 mg/m® diesel exhaust exposure.

Significantly increased lung wet weights compared to controls were observed in males at 18 and 6
months for the 2.5 and 6.5 mg/m® diesel exhaust groups, respectively, and at 12 months for both
carbon black exposure groups. Similar increases in females were noted at 12 and 6 months for
the 2.5 and 6.5 mg/m® diesal exhaust groups, respectively, and at 6 and 3 months for the 2.5 and
6.5 mg/m® carbon black groups, respectively. Theincrease in lung particle burden due to diesel
exhaust and carbon black exposure tended to accelerate in both genders after 12 months of
exposure; diesdl exhaust soot accumulated more rapidly than carbon black particles. Mean lung
particle burdens (mg/lung) at 23 months for males were 45.1 and 90.1 mg for the 2.5 and 6.5
mg/m° diesel exhaust groups, respectively, and 24.7 and 74 mg for the 2.5 and 6.5 mg/m® carbon
black groups, respectively. Mean lung particle burdens for females were 36.7 and 80.7 mg for the
2.5 and 6.5 mg/m* diesel exhaust groups, respectively, and 17.3 and 36.9 mg for the 2.5 and 6.5
mg/m® carbon black groups, respectively.
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The authors stated that all primary lung neoplasms appeared to be of parenchymal origin; none
appeared to originate from the conducting airways. Lung tumors tended to appear late in the
exposure period (> 600 days exposure) in both the diesel exhaust and carbon black groups, and
occurred earlier in the high concentration group compared to the low exposure group for both
test materials. Both exposure concentrations of diesel exhaust and carbon black caused increased
total (benign and malignant) lung tumor incidence in femalerats. Incidence rates were 8/107
(7.5%) and 28/105 (26.7%) for the 2.5 and 6.5 mg/m® carbon black groups, respectively, and
8/105 (7.6%) and 29/106 (27.4%) for the 2.5 and 6.5 mg/m® diesel exhaust groups, respectively.
The female control incidence rate was 0/105 (0%). Males were |less susceptible to both diesel
exhaust-induced and carbon black-induced lung tumors than were females. Total tumor incidence
rates were 2/106 (1.9%) and 4/106 (3.8%) for the 2.5 and 6.5 mg/m?® carbon black groups,
respectively, and 5/105 (4.8%) and 9/106 (8.5%) for the 2.5 and 6.5 mg/m? diesel exhaust groups,
respectively. The male control incidence rate was 3/109 (2.8%). The authors state that logistic
regression modeling did not show significant differences between the tumor responses to diesel
exhaust and carbon black for either gender. However, they also noted that lope estimate errors
in the logistic regression models were large; the errors were particularly large for the males,
because of their much shorter lifespan compared to the females. Lung tumor incidence in the
females increased rapidly towards the end of their lifespan, when most of the males had died of
other causes. Also, the lack of lung tumors in the control females may have increased the
estimated slopes for the treatment group females. The authors note that these factors make it
difficult to determine if there were true gender differences in neoplastic incidence or differencesin
the responses of males to diesel exhaust and carbon black.

6.1.1.3 MONKEYS
Lewiset al., 1986, 1989:

Male cynomolgus monkeys (Macaca fascicul aris) were exposed to diesel exhaust (2 mg/m®),
respirable coal dust (2 mg/m®; particle size < 7 um), or diesel exhaust (1 mg/m®) combined with
coal dust (1 mg/m®) for 7 hours/day, 5 days/week for 24 months. Appropriate clean air controls
were included. Exposure groups consisted of 15 animals. Animals weighed 4-5 kg at acquisition;
the animals were then quarantined for 3 months prior to the start of the study. Diesel exhaust was
generated by a Caterpillar Model 3304 diesdl engine on an operation cycle which was designed to
simulate the load-haul-dump operation of diesel-powered trams used in coal mining. The mass
median diameter of the diesel exhaust particulate matter was determined to be either 0.23 or 0.36
MM using either an aerosol size analyzer or scanning electron microscopy techniques, respectively.

One anima in the coal dust group died of diabetes mellitus prior to the end of the exposure
period; al other animals survived to necropsy. Body weights were not affected by either diesel
exhaust or coal dust exposure, separately or combined. All organs and tissues from the exposed
animals were examined grossly at necropsy. The authors also stated that 36 different tissue and
organs were examined histopathologically; the specific tissues and organs examined were not
listed. No significant treatment-related difference in tumor incidence was noted for any of the
exposure groups. Specific tumor incidence data were not reported. Also, the small number of
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animal s/exposure group (15) and the considerably less than lifetime exposure (2 years exposure
compared to a 16-30 year lifetime) suggest that the sengitivity of this study to any increased tumor
incidence due to diesel exhaust exposure was low.

Lung sections from the exposed monkeys and male F344 rats from the Lewis et al. (1986; 1989)
studies also exposed to diesel exhaust were examined histopathologically by Nikula et al. (1997).
Therats (8 - 10 weeks old at exposure initiation) were exposed in whole body chambers 7
hours/day, 5 days/week for up to 24 months to diesel exhaust, respirable coa dust, or diesel
exhaust combined with coal dust at the concentrations listed above. In al groups, the relative
volume densities and volume percentages of retained particulate matter was greater in monkeys
than inrats. However, there was no significant difference in the control-adjusted relative amount
of retained particulate material between diesel exhaust-exposed monkeys and rats. Diesdl
exhaust-exposed monkeys retained dlightly more particulate matter in the lung interstitium than in
the alveoli/alveolar duct lumens; diesel exhaust-exposed rats retained considerably more
particulate matter in the alveoli/aveolar duct lumens than in the lung interstitium. A scale ranging
from 1 to 5 was used to describe severity scoring of inflammation indices; the descriptors were 1
(dlight), 2 (minimal), 3 (mild), 4 (moderate) and 5 (marked). Both rats and monkeys
demonstrated a significant increase in the incidence of aveolar macrophage hyperplasiain the
diesel exhaust-exposed animals compared to controls. Mean severity scores for rats and monkeys
were 1.7 and 1.2, respectively. The incidence of diesal exhaust-induced alveolar epithelial
hyperplasia, particle-associated inflammation and septal fibrotic reaction was significantly
increased in rats but not monkeys. However, the severity scores for alveolar epithelial
hyperplasia, particle-associated inflammation and septal fibrotic reaction (1.7, 1.1 and 1.1,
respectively) in diesel exhaust-exposed rats were not large, and the scores for the monkeys that
did demonstrate alveolar epithelia hyperplasia and particle-associated inflammation (1.5 and 1.0,
respectively) were similar to those for diesel exhaust-exposed rats (1.7 and 1.1, respectively). As
noted above, the sample sizes used (15 for control and diesel exhaust-exposed rats and diesel
exhaust-exposed monkeys, 14 for control monkeys) were relatively small, indicating that the
power of this study to detect any increased incidence of inflammation indices due to diesel
exhaust exposure was low.

6.1.2 INHALATION OF DIESEL EXHAUST WITH CO-ADMINISTRATION OF
KNOWN CARCINOGENS

An important question is whether diesel engine exhaust acts synergistically with other agents
known to be carcinogenic. Several investigators have examined the effects of co-administration
of known carcinogens with inhalation of diesal exhaust in hamsters, mice and rats. These studies
are summarized in Table 6.2.a-c. The carcinogens examined thus far include: urethane, BaP
(benzo[a]pyrene); BHT (butylated hydroxytoluene); DBahA (dibenzo[ah]anthracene); DIPN
(diisopropanol-nitrosamine); DEN (diethylnitrosamine) and DPN (dipentylnitrosamine).

Thereis no consistent evidence of synergism between inhaled diesel exhaust and injected DEN or

BaP in hamsters, under the experimental conditions used (Heinrich et al., 1982; 1986a; 1986b;
Brightwell et al., 1989). See Table 6.2.a
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The effects of diesel exhaust inhalation on the carcinogenic activity of urethane, BHT (butylated
hydroxytoluene), BaP, and DBahA (dibenzo[ah]anthracene) have been examined by Pepelko and
Peirano (1983) and Heinrich et al., (1986a) in mice. See Table 6.2.b.

In two pulmonary adenoma assays, Pepelko and Peirano (1983) exposed male and female Strong
A micefor 8 h/d, 7 d/wk from six weeks to nine months of age to clean air or to unfiltered diesdl
exhaust. At the start of exposure, half of each group also received a single intraperitoneal (i.p.)
injection of urethane.

In the first assay, mice were exposed to diesal exhaust containing 6 mg/m?® particulate matter and
half the group was injected with 1 mg urethane. Each of the four groups (control, exposure only,
injection only, exposure and injection) had 60 females. In this assay the diesel exhaust was
apparently carcinogenic, and the injections of urethane had no apparent effect. Without the
injection, the number of mice with tumors increased significantly, from 4 out of 58 for clean air
exposure to 14 out of 56, for exposure to 6 mg/m® of diesel exhaust. With the 1 mg injection, the
increase in the number of mice with tumors, from 9 out of 52 for clean air exposure to 22 out of
59 for diesdl exhaust exposure was also statistically significant (p < 0.02).

In the second assay, mice were exposed to diesel exhaust containing 12 mg/m?® particul ate matter,
and injected with 5 mg urethane. Each of the four experimental groups had 45 males and 45
females. Inthisassay, the diesel exhaust appeared to reduce the number of female mice with
tumors, relative to clean air controls from 11/43 to 4/43. In addition, urethane induced tumors
were significantly reduced in male and female mice exposed to diesel exhaust relative to clean air
exposed controls.

Pepelko and Peirano (1983) also investigated the effect of diesel exhaust on butylated
hydroxytoluene (BHT) and urethane carcinogenic activity in Sencar mice. The effects were
examined in atwo-generation study. The parent generation was exposed continuoudly to clean air
or 6 mg/m° diesel exhaust from weaning age to sexua maturity and then mated. Exposure of the
dams was continued through pregnancy, parturition, and weaning of offspring. The concentration
was increased to 12 mg/m® when the mean age of the offspring was 12 weeks and continued until
termination of the study at 15 months of age. The offspring in each clean air or exposure group
were divided and assigned to three treatment groups of 260 each, 130 males and 130 females: 1)
serial injection of BHT beginning at seven weeks of age and lasting one year to test for tumor
initiating activity (doses: 300 mg/kg the first week; 83 mg/kg the second week; 150 mg/kg
thereafter), 2) asingle injection of 1 mg urethane at six weeks of age to test for tumor promoting
activity, 3) no injection.

In females of the uninjected group, diesal exhaust significantly increased the incidence of
adenomas, from 6.3 to 16.3% (p=0.02), and the total lung tumors, from 7.2 to 16.3% (p=0.05).
The increase was a so statistically significant with sexes combined. In femalesinjected with BHT,
diesel exhaust exposure significantly decreased the incidence of adenomas, from 16.7 to 3.9%
(p=0.01), and of al lung tumors from 18.1% to 6.5% (p=0.03). Thisdid not occur in the male
mice, however. No significant differences were detected between incidences in the diesel
exhaust/urethane and the clean air/urethane groups of either sex.
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Heinrich et al. (19863a) investigated the combined effects of diesel exhaust and BaP or DBahA.
Female NMRI mice (8-10 weeks old) were exposed for 19 h/d, 5 d/wk for 120 wksto clean air, 4
mg/m® unfiltered, or filtered diesel exhaust. The 2 PAHs were ingtilled intratracheally into each of
the three inhalation exposure groups of 64 mice: 50 or 100 pg BaP, once per week for 20 or 10
weeks, respectively; or 50 pg DBahA once per week for 10 weeks. In addition, groups of 96
mice received one subcutaneous injection of 10 or 5 ug DBahA near birth, and they were
examined at six months.

With clean air the lung tumor incidence following ingtillation of 20 x 50 pg BaP was 71%, and
with exposure to unfiltered exhaust, the incidence was reduced to 41%. This significant change
was due to a decreased incidence of adenocarcinomas, with no change in adenoma incidence.
Although the authors did not present the data from the 10 x 100 pg BaP treatment groups, they
stated that the change in tumor incidences observed with 20 x 50 pg BaP instillations was not
reproduced in the 10 x 100 pg BaP groups even though the total dose of BaP was the same. The
authors also did not report the data from the DBahA groups; however, they did state that no
significant differences between clean air/DBahA and diesel exhaust/DBahA groups were
observed. Of the mice injected with the lower dose of DBahA near birth, 46% of the clean air
group developed tumors, and the exhaust exposed groups did not differ significantly from that.
Of the mice injected with the higher dose, 81% of the clean air group developed tumors, and 63%
of the group exposed to whole diesel exhaust developed tumors, a statistically significant
difference. These dataindicate that breathing diesel exhaust did not significantly increase the
number of tumors produced with administration of BaP or DBahA.

To evaluate the effect of diesel exhaust exposure on the carcinogenic activity of
dipentylnitrosamine (DPN), Heinrich et al. (1986a) exposed female Wistar SPF (specific pathogen
free) ratsfor 19 h/d, 5 d/wk for 140 weeks starting at 8 to 10 weeks of age. The animals were
exposed to clean air, filtered diesel exhaust, and unfiltered diesel exhaust (4 mg/m?® particles). A
subgroup of 48 animals from each exposure group was given subcutaneous injections of 0 or 250
mg or 500 mg/kg DPN for each of the first 25 weeks of inhalation exposure. The diesel exhaust
source and exposure set-up were identical to that reported for the study conducted by the same
authorsin mice (see above).

The groups of animals breathing clean air and injected with DPN exhibited high incidence of
tumorsin the lungs (85% and 94% for the lower and higher DPN levels, respectively). Most of
the malignant tumors were adenocarcinomas and the remainder were squamous cell carcinomas.
DPN also induced tumors in the upper respiratory tract, primarily in the nasal cavities. At the
high DPN dose, tumors were also observed in the larynx and trachea. Compared to clean air,
exposure to filtered or unfiltered diesel exhaust resulted in significant decreases in the benign
tumors in the upper respiratory tract for both DPN dose levels. However, compared to clean air,
exposure to unfiltered diesel exhaust significantly increased the occurrence of squamous cell
carcinomas in the lungs at both DPN dose levels. Thisincrease was not observed in DPN animals
exposed to filtered diesal exhaust. DPN-induced increasesin liver and kidney tumor rates were
not influenced by diesel exhaust exposure.
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Takemoto et al. (1986) evaluated the combined effect of di-isopropanol nitrosamine (DIPN) and
diesel exhaust in female Fischer 344/Jcl rats. Exposures to clean air or 2-4 mg/m® unfiltered diesel
started at 5 weeks of age for 4 h/d, 4 d/wk for up to 24 months. One month after starting
inhalation exposures one clean-air group and one exhaust-exposed group were injected
intraperitoneally (i.p.) with 1 g/lkg DIPN, l/wk for 3 weeks. Also one clean-air group and one
exhaust-group were not injected. The animals were necropsied at 6, 12, 18, and 24 months. No
lung tumors were found in any of the rats that did not receive injections. Of those animals
recelving injections, 12 animals breathing clean air had tumors and 15 animals breathing diesel
exhaust had tumorsin the final six months of the study. In that same period, the incidence of lung
tumors was higher in the diesel exhaust + DIPN exposure group (7/18) compared to the clean air
+ DIPN group (4/21), but this difference did not reach statistical significance in this very small
study.

6.1.3 INTRATRACHEAL ADMINISTRATION

The studies evaluating the carcinogenic activity of diesal exhaust or its components, administered
by intratracheal instillation or lung implantation, are summarized in Table 6.3.ah.

6.1.3.1 STUDIESIN HAMSTERS

Investigatorsin two of the studies in hamsters examined the effects of intratracheally (i.t.)
administered diesel exhaust particles or organic extracts of diesel exhaust particles (Shefner et al.,
1982, 1985; Kunitake et al., 1986). Asin inhaation studies in this species, no significant increase
in tumors was observed.

Sato et al. (1986) investigated the carcinogenic potentia of 1,6-dinitropyrene (1,6-DNP), a
potent mutagenic component of diesel exhaust, in hamsters. Ten week old animals were dosed
with saline or 0.5 mg 1,6-DNP by i.t. administration once weekly for 26 weeks. After an
additional 22 weeks, the lung adenocarcinomas and myeloid leukemia incidences, 19/20 (95%)
and 12/20 (60%), respectively, in the |,6-DNP treated group were much higher than the incidence
observed in the control group, 0/20 for both of these cancers.

6.1.3.2STUDIESIN RATS

Kawabata et al. (1986) examined the effects of diesel exhaust particulates (1 mg/rat), activated
carbon (1 mg/rat), and vehicle solution, administered intratracheally, or no treatment on the
incidence of lung tumors in female Fischer 344 rats. The various treatments were administered
once per week for 10 weeks. Following the treatment period the animals were observed for 30
months.

The lung tumor incidence was. diesel exhaust particulate - 31/42 (74%); activated carbon - 11/23
(48%); vehicle control - 1/23 (4%); and no treatment - 0/44. Diesel exhaust and activated carbon
were significantly elevated compared to controls. Diesel exhaust lung tumor incidences,
particularly malignant tumors, were also significantly higher than those after activated carbon
treatment.
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By implantation in the lung, Grimmer et al. (1987) examined the carcinogenicity of fractions of
diesal exhaust obtained by a special condensation and filtration method. The condenser and the
filter were extracted with acetone. The resulting extracts and the condensate were evaporated
and freeze dried. Twelve different treatment groups, each with 35 Osborne-Mende rats, were
then tested. Three groups received BaP as areference. Except for the untreated controls, the
substance to be tested was dissolved in acetone, and to that solution was added beeswax and
trioctanoin. The acetone was then evaporated at reduced pressure, leaving the agent in avehicle
that was injected into the lung, so as to form, upon cooling, a pellet, from which the test
substance could diffuse.

In theinitial fraction of the exhaust residue the hydrophobic yield was 75% of the whole. This
fraction, using a treatment of 20 mg/mouse, produced 5 carcinomas in the group of 35, compared
to no tumors in the untreated group or the vehicle control. The hydrophobic fraction was further
separated into several subfractions: 1) non-aromatic and 2-3 ring polyaromatic compounds
(PACs); 2) 4-7 ring polyaromatic hydrocarbons (PAHS); 3) polar PACs; and 4) nitro-PAHS.
Subfraction 2, PAHs consisting of 4-7 rings, was found to be the most potent subfraction; when
proportionately dosed, it produced 6 carcinomasin a group of 35 rats. The only other subfraction
producing malignant tumors was subfraction 4, the nitro-PAHs, which produced 1 carcinomain
the 35 rats. The remaining subfractions, subfraction 1 (non-aromatic and 2-3 ring PACs) and
subfraction 3 (polar PACs), produced only 1 benign (adenoma) tumor. It isinteresting to note
that reconstituting the hydrophobic subfractions produced the same carcinogenic response (7
carcinomas in 35 rats) as the main (i.e. unfractionated) hydrophobic fraction. These data suggest
that nearly al of the carcinogenic activity in this assay of diesel exhaust extract originated from
the 4-7 ring PAH subfraction.

Pott et al. (1994) examined the ability of severa fibrous and nonfibrous dusts, including diesdl
exhaust particul ate matter, carbon black, TiO, (anatase or rutile) and activated charcoal, to induce
lung tumors by intratrached instillation in female Wistar rats. The animals were 12-15 weeks of
age at the start of exposure. Particle physical data and the method used to generate the diesel
exhaust particulate matter used in the study were not described. Two different types of diesel
exhaust particul ate matter were evaluated (diesel soot A and B), but the differences between the
types were not discussed. Each ingtillation described here was of 3 mg. The diesel soot A group
(40 animals) received 15 ingtillations; the diesel soot B groups received either 10 instillations (58
animals) or 20 ingtillations (38 animals). The carbon black (37 animals) group received 15
ingtillations; the activated charcoal groups received 10 (37 animals) and 20 (39 animals)
ingtillations, respectively. The anatase and rutile TiO, exposure groups (39 animals each)
received 15 and 20 ingtillations, respectively. All instillations were given at weekly intervals.
Vehicle control groups were included (15 and 20 ingtillations, respectively). Surviving animals
were sacrificed at no later than 131 weeks. Body weight and mortality data were not provided.
Total (benign and malignant) lung tumor incidences were similar for the diesel soot A (65%),
diesel soot B low dose (60%) and high dose (66%), and carbon black (65%) exposure groups.
Total lung tumor incidences for the activated charcoal low dose (27%) and high dose (36%)
exposure groups and the TiO, anatase (5%) and rutile (3%) groups were comparatively lower.
No tumors were noted in the vehicle control groups. Squamous cysts were included in the total
tumor count.
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Female Wistar rats (7 weeks old at start of treatment) were exposed to diesel soot (DSyigina),
toluene-extracted diesel soot (DS), toluene-extracted Printex 90 (carbon black) (Pr), toluene-
extracted Lamp Black 101 (carbon black) (LB), benzo[a]pyrene (BaP), DS + BaP, or Pr + BaP by
intratracheal ingtillation (Dasenbrock et al., 1996). The total dose/animal was 15 mg divided over
15-16 weekly instillations, with the exception of 30 mg toluene-extracted diesel soot (DS;0) and
benzo[a] pyrene (BaPsg) groups. A vehicle control group wasincluded. All surviving animals
were sacrificed 800 days after the start of treatment. Sample size for tumor evaluation was 48
animals for al groups except for the controls and the BaP5, group (47 animals). No lung tumors
were observed in the control animals. Benign and malignant lung tumor incidences for treatment
groups were as follows (percent incidence in parentheses): DSyigina 8/48 (17%); DSso 10/48
(21%); DS 2/48 (4%); Pr 10/48 (21%); LB 4/48 (8%); BaPs, 43/47 (90%); BaP 12/48 (25%); DS
+ BaP 4/48 (8%); Pr + BaP 13/48 (27%). The DSyigina, DSs0, Pr, BaPs, BaP and Pr + BaP
treatment groups demonstrated tumor incidences significantly greater than that of controls. The
lung tumor incidence for the unextracted diesel group (DSyrigina) Was aso significantly greater
than that of the extracted diesel soot (DS) group. However, the authors included cystic
keratinizing epitheliomas (squamous cysts) in their count of benign tumors. If these lesions were
removed from the tumor count, there would be no significant difference in tumor incidence
between the DSqigina @and DS groups.

6.1.3.3 STUDIESIN MICE

Male ICR mice were exposed by intratracheal instillation (one treatment/week for 10 weeks) to
0.1 mg of either titanium dioxide (TiO,), DEP, or hexane/benzene/methanol-washed DEP
(WDEP) (Ichinose et al., 1997d). Treatment groups (including controls) consisted of 33 animals.
All surviving animals were sacrificed at 12 months. Necropsies were performed on al animals.
Six animals from each group were used for lung 8-OHdG adduct analysis; lung histol ogical
examinations were performed on all other animals. The numbers of animals examined for tumors
were 26 animals for DEP, and 27 animals for al other groups. Total lung tumor incidence after
12 months (adenomas and adenocarcinomas) was significantly increased in the DEP treatment
group (35%) but not in the WDEP (26%) or TiO, (16%) treatment groups when compared to
controls (11%). Asdescribed in Chapter 5, animal lung DNA was a so assayed for the presence
of the oxidative DNA adduct 8-hydroxydeoxyguanosine (8-OHdG). 8-OHdG levels were
increased in the WDEP and DEP groups but not in the TiO, group when compared to controls.
Regression analysis indicated that total lung tumor incidence was significantly correlated with 8-
OHdG levels (r =0.99, p<0.01).

6.1.4 SKIN PAINTING OF DIESEL EXHAUST OR DIESEL EXHAUST
COMPONENTS.

Summaries of the studies evaluating the carcinogenic potential of diesel exhaust or diesel exhaust
components following dermal application are presented below. Administration by skin painting
has limited relevance to diesel exhaust emissions and human exposure, therefore the following is
simply abrief discussion of the results; these studies are also listed in Table 6.4.

6-21



MAY 1998

Nesnow et al. (1982a; 1982b; 1983) in a series of reports has compared the tumor initiation
potential of avariety of diesel engine exhaust particulate extracts in mouse skin-painting studies,
with TPA as the promoter. The diesel engine samples varied widely in the tumorigenic responses
they produced. Because the fuel, driving cycle and collection and extraction procedures used in
the production of the light duty diesel samples were similar, the difference in tumor responses are
most likely because of differences in engine design and operating characteristics (Nesnow et al.,
1982b). Mouse skin has been reported to be quite sensitive to the tumorigenic effects of PAHS,
however, the tumor response data presented in these studies cannot be explained solely by the
BaP content. There was no significant relationship between the mean number of papillomas per
mouse and BaP content in each sample. According to the authors, BaP content could account for
only 20-30 percent of the activity seen and other components of the samples seem to be playing a
role in the tumorigenic activity.

Nesnow et al. (1982a; 1982b) also conducted mouse skin-painting studies under a complete
carcinogenesis protocol. This protocol is atest for agents exhibiting both tumor initiating and
tumor promoting activities. The diesel engine samples were essentially inactive as complete
carcinogens at the doses applied.

Depass et al. (1982) conducted tumor initiation, tumor promotion, and complete carcinogen
evaluations of diesal exhaust particulate suspensions as well as diesel particulate extracts. PMA
(phorbol 12-myristate 13-acetate) was used as the promoting agent in the initiation studies. BaP
was used as the initiating agent in the promotion studies. Diesel particulate was generated by an
Oldsmobile 350D diesel engine. The results of these studies suggested that Oldsmobile diesel
exhaust particulate and diesel exhaust particulate extract have little tumor initiating, promoting or
complete carcinogenic activity under the conditions of this bioassay.

Kunitake et al. (1986) studied the carcinogenic activity of heavy-duty diesel engine exhaust
extracts (HDE). A mouse-skin protocol evaluated initiation potential. The skin tumors produced
were predominantly squamous cell papillomas. Skin carcinomas were not found in any treatment
group. The percent of tumor bearing mice increased with dose in the HDE (0-8%) and in the
HDE + BaP (2-10%) treatment groups. Based on the carcinogenic potential of BaP, the authors
had anticipated a much higher tumor incidence in the HDE + BaP treatment group.

Nesnow et al. (1984) studied the initiation potential of |-NP and a mixture of its nitrated products,
1,3-dinitropyrene (DNP), 1,6-DNP, and 1,8-DNP (1:1.94:1.95), utilizing the SENCAR mouse
skin bioassay. Compared to controls |-NP did not induce papilloma formation over a dose range
of 0-3.0 mg/mouse after 30 weeks of promotion with TPA. The mixture of dinitropyrenes applied
over adose range of 0 - 2.0 mg/mouse resulted in a significant induction of papillomas at 30
weeks at the highest dose.

El-Bayoumy et al. (1982) examined the tumor-initiating activity of specific diesel exhaust
components using a mouse skin painting bioassay. The eight components evaluated were: BaP,
chrysene, perylene, pyrene and their nitro-derivatives 6-nitrobenzo(a)pyrene (6-NBaP), 6-
nitrochrysene (6-NC), 3-nitroperylene (3-NPerl), and 1-nitropyrene (I-NP). BaP produced
tumors in 90% of the mice and was significantly different from controls and 6-NBaP. 6-NBaP
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did not produce a significant increase in the number of tumors compared to controls. Neither
pyrene or |-NP exhibited tumorigenic activity at the concentrations tested compared to controls.
6-NC induced tumors in 60% of the mice, but was significantly less tumorigenic than chrysene
(100%). Both chrysene and 6-NC were significantly different than the controls. 3-NPerl induced
tumorsin 42% of the mice and was significantly more active than perylene and controls. Among
the nitro-compounds tested, only 3-NPerl was more tumorigenic than its parent hydrocarbon.

6.1.5 SUMMARY OF ANIMAL CARCINOGENICITY STUDIES

Since the mid-1980's, chronic inhaation studies have consistently demonstrated significant
increases in lung tumors in rats exposed to unfiltered diesel exhaust at particul ate concentrations
of greater or equal to 2.2 mg/m® and with exposure times of approximately two years,
Nonsignificant increases in lung tumor incidence have aso been shown at particulate
concentrations of between 0.35 mg/m® and 2.2 mg/m? (Ishinishi et al., 1986a; Mauderly et al.,
19874a). All except two studies examining the carcinogenicity of filtered diesel exhaust have
reported negative results. The study by Heinrich et al. (1986a) conducted in female NMRI mice
demonstrated an increase in lung tumor incidence. The study by Iwai et al. (1986) reported that
filtered and unfiltered diesel exhaust increased the incidence of splenic malignant lymphomasin
female Fischer 344 rats. Additionally, equivocal results were reported in female NMRI mice by
Heinrich et al. (1995). To date, the results of the two positive studies on filtered diesel exhaust
have not been confirmed by other investigators.

Evidence for the carcinogenic importance of the particul ate fraction of diesel exhaust comes from
two studies in rats which found that diesel exhaust that had the particulate fraction removed by
filtration did not demonstrate carcinogenicity (Heinrich et al., 1986a; Brightwell et al., 1989)
whereas the unfiltered diesel exhaust did demonstrate carcinogenicity. Furthermore, preliminary
evidence shows that carbon-black (elemental carbon) particulate, without an appreciable organic
coating, can induce lung tumorsin rats at approximately the same carcinogenicity per unit of mass
asdiesal exhaust (Heinrich et al., 1995; Nikulaet al., 1995). Thus, OEHHA isfocusing on the
particulate matter in the diesel exhaust as the primary agent of carcinogenicity; the specific engine
source or fuel would appear to have little impact on the tumorigenic response in the anima model.

The rat bioassay data are insufficient to determine if sex differences exist in the development of
lung tumorsin rats after exposure to diesel exhaust. Four of the seven positive diesel exhaust
inhalation rat bioassays used both male and female F344 rats. Brightwell et al. (1986; 1989)
reported total lung tumor incidences of 44% and 96% in males and females, respectively, in
animals sacrificed after the end of the 24 month exposure period. However, mortality datawas
not provided, so it cannot be determined if differencesin survival between the two sexes affected
tumor incidence rates. Ishinishi et al. (1988) found total lung tumor incidence to be greater in
males than females at the highest two exposure levels for each of the two diesel engine types
tested. Mortality rates were smilar for both sexes. Mauderly et al. (1986) reported similar
mortality rates and total lung tumor prevalence rates for male and femalerats. Nikulaet al.
(1995) noted that female rats were more susceptible than male rats to devel oping lung tumors
after exposure to diesel exhaust; total lung tumor incidence rates for male rats were 4.8% and
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8.5% for the 2.5 and 6.5 mg/m? diesel exhaust groups, respectively. Corresponding total lung
tumor incidence rates for female rats were 7.6% and 27.4% for the 2.5 and 6.5 mg/m® diesel
exhaust groups, respectively. However, mortality rates for male rats were also greater than
female rats. At 23 months, percent cumulative mortality in males was 86% and 94% for the 2.5
and 6.5 mg/m® diesel exhaust groups, respectively; percent cumulative mortality in females was
69% and 73% for the 2.5 and 6.5 mg/m” diesel exhaust groups, respectively. As described in
Section 6.1.1.2 of this document, the authors noted that logistic regression modeling did not show
significant differences between the tumor responses to diesel exhaust and carbon black for either
sex. However, they also noted that slope estimate errors in the logistic regression models were
large; the errors were particularly large for the males, because of their much shorter lifespan
compared to the females. Lung tumor incidence in the females increased rapidly towards the end
of their lifespan, when most of the males had died of other causes. Also, the lack of lung tumors
in the control females may have increased the estimated slopes for the treatment group females.
The authors stated that these factors make it difficult to determine if there were true gender
differences in neoplastic incidence or differences in the responses of males to diesel exhaust and
carbon black.

Hamsters do not show carcinogenic effects from inhalation of diesel exhaust under the study
protocols evaluated thus far. Hamsters treated with diethylnitrosamine or benzo[a] pyrene (but
not exposed to diesel exhaust) unexpectedly showed only low incidences of respiratory tract
tumors (Heinrich et al., 1986a). Therefore, low pulmonary tract sensitivity to genotoxic
carcinogens could potentially account for the lack of carcinogenic response to diesel exhaust in
hamsters. The rat appears to be the most responsive laboratory species to inhaled diesel exhaust
particul ate.

Diesdl exhaust exposure has not been demonstrated to cause increased tumor incidence in
monkeys in the single study performed to date (Lewis et al., 1986, 1989). However, the low
number of animals used and the less than lifetime exposure employed render the results of this
study inadequate for determining cancer risks due to diesel exhaust exposure.

Investigations of the effect of diesal exhaust exposure with co-administration of specific known
carcinogens have not shown significant synergism. Substances investigated for a combined effect
in mice are the carcinogens, BHT, BaP or DBahA. Substances investigated in rats are DPN and
DIPN.

The carcinogenicity of diesal exhaust following intratracheal administration has been investigated.
Studies utilizing diesel exhaust particulate have produced negative results in hamsters but positive
resultsin rats and mice. This pattern of response is similar to that observed following inhalation
exposure. Diesal exhaust condensates have also produced a positive tumorigenic response in the
rat following intratracheal administration.

Skin painting of diesel exhaust extracts has produced a wide variety of tumorigenic responses.
The authors suggested that the differences in tumor responses were most likely due to differences
in engine design and operating characteristics. Mouse skin has been reported to be quite sensitive
to tumorigenic effects of PAHs; however, only 20-30 percent of the activity of diesel
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exhaust extracts could be attributed to BaP content. A variety of specific diesal exhaust
components have also exhibited tumorigenic potential following skin painting.

6.1.6 MECHANISM OF ACTION OF DIESEL EXHAUST-INDUCED RAT LUNG
TUMOR INDUCTION

The mechanism(s) of action by which diesel exhaust induces lung tumors in rats has not been
established. Several hypotheses have been proposed. One hypothesisisthat PAHs and
nitroPAHSs contained either in the semivolatile phase or adsorbed on the surface of diesel exhaust
particulate matter induce lung tumors via a genotoxic mechanism. Evidence in support of this
hypothesisinclude 1) the demonstrated genotoxicity of whole diesel exhaust, the semivolatile
phase of diesel exhaust and extracts (in either organic solvents or smulated physiological fluids)
of diesel exhaust particulate matter (see Chapter 5); 2) the bioavailability of PAHs from diesel
exhaust (see Chapter 3). Additionally, severa investigators have shown that lung tumor
incidences were increased when the PAH benzo[a] pyrene (BaP) adsorbed on particles (Fe,0s or
carbon) was intratracheally instilled compared to instillation of the pure compound (Sellakumar et
al., 1976; Henry et al., 1975). However, this hypothesisis not supported by the finding that the
tumorigenic potencies of the nongenotoxic particulate substances carbon black and TiO; in rats
exposed by inhalation are similar to that of diesel exhaust.

The existence of a previoudy unknown strongly carcinogenic substance(s) is another possible
hypothesis. Given the fact that there are at least several hundred organic compounds present in
diesal exhaugt, it is possible that there may be an unknown compound(s) among them that has a
strong carcinogenic potency.

A third hypothesisis that diesel exhaust induces oxidative DNA damage by a mechanism other
than particle-induced inflammation. Formation of 8-hydroxydeoxyguanosine (8-OHdG) adducts
leads to G:C to T:A transversions unless repaired prior to replication, and may be promutagenic
(Nagashimaet al., 1995). Pulmonary toxicity in mice exposed to diesal exhaust particulate matter
has been shown to be mitigated by pretreatment with the lung antioxidant enzyme superoxide
dismutase (SOD)(Sagai et al., 1993). This suggests that active oxygen species are produced as a
result of exposure to diesel exhaust. In the same study, lung antioxidant enzyme (SOD,
glutathione-S-transferase, glutathione peroxidase) activities were significantly reduced in mice
exposed to diesal exhaust particles by intratracheal ingtillation. The antioxidant enzyme catalase
has also been demonstrated in vitro to be inhibited by diesel exhaust particulate matter.
Additionally, exposure of mice to diesel exhaust particles by intratracheal ingtillation resulted in a
significant increase (approximately 3-fold) in mouse lung DNA 8-OHdG adducts (Nagashima et
al., 1995). Ichinose et al. (1997) found that exposure of mice to either hexane/benzene/methanol -
washed diesal exhaust particulate matter (WDEP), diesel exhaust particulate matter (DEP), or
titanium dioxide (TiO,) by intratracheal instillation resulted in a significant induction of both 8-
OH-dG adducts, by DEP and WDEP, with DEP causing a higher level of adducts than WDEP,
and lung tumors in the DEP group, but not the WDEP group. TiO, did not cause a significant
increase in either 8-OH-dG adducts or lung tumors. Regression analysis indicated that total lung
tumor incidence was significantly correlated with 8-OHdG levels. These data suggest that
induction of oxidative DNA damage by diesdl exhaust may lead
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to mutagenicity, which could then play a part in the initiation of tumorigenesis. It should be noted
that no data exists on the ability of carbon black to induce oxidative DNA damage.

A fourth hypothesisis that the inflammatory response to the accumulating exhaust particles may
promote cell proliferation. Thiswould increase the probability that any existing DNA damage
would result in a heritable mutation before repair could take place, and would therefore increase
the risk of tumor induction. DNA damage could result from mutagens in the organic compounds
that coat the particle as it arrives at the lung surface, but that eventually leave the particle.
Increased particle accumulation in rat lung results in impaired particle clearance and therefore
increased retention time, leading to potentially increased mutagen exposure. Alternatively, DNA
damage could be caused by other carcinogens that happen to be present, by an oxidative
mechanism not requiring inflammation, or by the inflammatory response to the accumul ated
exhaust particles. Inhaation of the nongenotoxic particulate substances carbon black and TiO,
have also been demonstrated to be approximately as potent as diesel exhaust per unit of massin
inducing lung tumorsin rats. In addition to chronic inflammation, exposure to diesel exhaust and
carbon black aso resultsin epithelia hyperplasia (Nikulaet al., 1995). These phenomena can
occur early in the exposure period (3-6 months of exposure) at exposure levels that cause
tumors.

It has been proposed that rat lung tumors caused by chronic particle exposure occur due to
increased lung particle burden which exceeds clearance capacity resulting in particle-elicited
inflammation and increased epithelia cell proliferation in the pulmonary region of the rat lung
(Oberdorster, 1994; Nikula et al., 1995; Driscoll, 1996). Particle phagocytosis increases active
oxygen species generation and inflammatory cytokine release by macrophages.
Polymorphonuclear leukocytes (PMNS) also produce active oxygen species in response to
membrane-reactive particles. Lung particle deposition can result in both an increase in the
alveolar macrophage (AM) population and efflux of PMNs from the vascular compartment into
the alveolar space compartment. PMN recovery by lavage from the lungs of diesel exhaust-
exposed rats has been observed to increase with both increasing exposure duration and particle
concentration (Strom, 1984). Activated phagocytic cells have been observed to induce
genotoxicity in avariety of in vitro short-term assays; in most cases, active oxygen species have
been implicated as being involved in the observed genotoxicity (Driscoll, 1996). Continued high
particle exposure levels with resulting excessive lung particle burden could result in the anti-
inflammatory protective mechanisms (antioxidants, oxidant metabolizing enzymes, cytokine
inhibitors, etc.) of the lung being overwhelmed with resulting tissue damage, cell proliferation and
possibly genotoxicity. However, it has been noted (Mauderly, 1994a) that carcinogenicity studies
with another insoluble particle (copier toner) have been performed (Muhle et al., 1991) that
resulted in particle clearance overload (Bellmann et al., 1992) without induction of neoplasia.

Exposure levels of carbon black which cause chronic inflammation in rats also have been
demonstrated to induce mutations at the hprt locus of rat lung type Il alveolar epithelia cells
(Driscoll et al., 1996). Male Fischer 344 rats were exposed 6 hr/d, 5 d/wk for up to 13 weeks to
0, 1.1, 7.1 or 52.8 mg/m? carbon black. After 13 weeks of exposure, carbon black lung burdens
in the low, medium and high dose groups were 354, 1826 and 7861 pg/lung, respectively. Lung
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clearance of carbon black was impaired in the medium and high dose groups. Total cell number
(macrophages, neutrophils and lymphocytes) found in bronchoalveolar lavage fluid was increased
after 6.5 and 13 weeks of exposure in the high dose group but not the medium or low dose
groups, however, the proportion of neutrophilsin the total cell population increased in the
medium and high dose exposure groups. Expression of mRNA coding for the chemotactic
cytokines macrophage inflammatory protein 2 (MIP-2) and monocyte chemotactic protein 1
(MCP-1) was increased after both 6.5 and 13 weeks exposure in the medium and high dose
exposure groups. Type |l alveolar epithelial cells were isolated from exposed rats and controls
and grown in primary culture to determine mutation frequencies at the hprt locus using 6-
thioguanine (6-TG) resistance as a biomarker. Hprt mutation frequencies were significantly
increased in cells obtained from the medium and high dose groups after 13 weeks of exposure.
These data indicate that exposure of rats to carbon black at concentrations which have been
shown to induce lung tumors also cause an increase in both the production of chemotactic
cytokines by the lungs and in mutation induction in a cell type believed to be at least one of the
progenitors of lung tumors observed after carbon black exposure. This suggests that the
increased rat lung tumors observed after carbon black exposure may be initiated by genotoxicity
resulting from chronic inflammation mediated by increased chemotactic cytokine production.
This also raises the possibility, but does not provide direct proof, that diesel exhaust-induced rat
lung tumors may be initiated via a Ssmilar mechanism.

Information on potential differences and similarities in the mechanisms of tumor induction by
diesal exhaust and carbon black could potentially be provided by an analysis of the mutational
gpectrain those tumors. Diesal exhaust- and carbon black-induced rat lung tumors
(adenocarcinomas, squamous cell carcinomas, adenosquamous carcinomas) generated in the study
done by Nikulaet al. (1995) were analyzed for mutations in the p53 and K-ras genes (Swafford et
al., 1995). Differencesin mutation frequencies between diesel exhaust-induced and carbon black-
induced tumors would have indicated potential differences in the mechanism of initiation.
However, no increases were found in p53 mutations in tumors from either treatment group, and
only alow frequency of K-ras mutations was observed (3/50 - 1 in the carbon black group, 2 in
the diesal exhaust group). Rosenkranz (1996) noted that the induction of p53 mutationsin rat
lung tumors by genotoxic carcinogens is much lower than in humans and mice; additionaly, rat K-
rasis not mutated by all genotoxins, and some tumors induced by putative non-genotoxic
carcinogens contain mutated K-ras. These data indicate that the currently available mutational
spectra data for diesal exhaust and carbon black are insufficient for use in drawing inferences
about the mechanism of lung tumor induction for those two substances.

The information presented above suggests that chronic inflammation resulting in macrophage
and/or neutrophil-induced oxidative DNA damage resulting in mutations may be mechanistically
important in the induction of lung tumors, and that cell proliferation may be mechanistically
important to the promotion of lung tumors in rats exposed to high levels of diesel exhaust by
inhalation. Diesel exhaust may also induce oxidative DNA damage via mechanisms other than
inflammation. However, the possibility that genotoxicity due to the PAH and nitroPAH content
of diesel exhaust may play arole in the induction of lung tumorsin rats at lower levels of diesel
exhaust cannot be excluded; the diesel exhaust carcinogenicity bioassays performed to date have
not had sufficient power to detect the carcinogenicity of diesel exhaust at low doses not
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exceeding a putative threshold. Existing studies cannot detect the comparatively low levels of
tumor formation of interest. Mauderly (1994c) noted that small increases in lung tumor incidence
have been observed in rats at diesel exhaust concentrations which do not induce cell proliferation
or fibrosis, but group sizes have been insufficient (maximum of approximately 200) to permit the
significance of the small tumor incidence increases to be evaluated with confidence.

Additionally, a recent report by Borm et al. (1997) indicates that incubating rat lung epithelial-
derived cells with human polymorphonuclear lymphocytes (PMN) (either unactivated or activated
by preexposure to phorbol myristate acetate) increases DNA adduct formation caused by
exposure to benzo[alpyrene; addition of more activated PMN in relation to the number of lung
cells further increased adduct formation in a dose-dependent manner. The authors suggest that
“an inflammatory response in the lung may increase the biologically effective dose of polycyclic
aromatic hydrocarbons (PAHSs), and may be relevant to data interpretation and risk assessment of
PAH-containing particulates.” These data raise the possibility that low dose diesel exhaust
exposure may result in levels of neutrophil influx which would not necessarily be detectable via
histopathological examination as acute inflammation but which might be effective at amplifying
any potential diesel exhaust genotoxic effect.

It should also be noted that some parameters of the “particle overload” hypothesis are
incompletely characterized. Alveolar type Il cell epithelia hyperplasia has been noted after diesel
exhaust exposure, but the measures of cell proliferation used were relatively crude and unsuitable
for use in a quantitative estimate of cell proliferation as would be required for biologically-based
modeling. It should also be noted that uncertainties exist regarding the magnitude and biol ogical
importance of particle overload for diesel exhaust-induced rat lung carcinogenicity. Mauderly et
al. (1994) included data from arat bioassay on the number of neutrophils/mL present in
bronchoalveolar lavage fluid from the exposed and control animals (males and females combined).
Active oxygen species generated by activated neutrophils are one component of the inflammatory
response to diesel exhaust exposure that might be mechanistically important to the induction of
tumorigenesis. The number of neutrophils was increased approximately 50-75% for the high
carbon black group compared to the low carbon black group; the increase for the high diesel
exhaust group was 20-40% compared to the low diesel exhaust group. However, the tumor
incidence (males and females combined) for the high carbon black and diesel exhaust groups were
approximately 3-fold greater than that for the low carbon black and diesel exhaust groups,
respectively. Similarly, the differencesin the severity scores for aveolar macrophage hyperplasa
and alveolar epithelia hyperplasiain rats that died or were killed after 18 months of exposure
between the low and high diesel exhaust groups (approximately 25 and 20%, respectively) do not
correlate well with tumor incidence. It would be expected that a better correlation between tumor
incidence and indices of inflammation and cell proliferation would exist if diesel exhaust-induced
rat lung tumors were solely due to particle overload.

Hattis and Silver (1994) examined lung burden data from diesel exhaust rat carcinogenicity
studies and came to the conclusion that “there is continuing accumulation of diesel-derived dust in
the lungs of rats throughout life, even at low doses’. They also found that this was not predicted
by models developed to represent diesel exhaust particul ate matter accumulation under

“overload” versus non-overload conditions. Finaly, they have found that at high diesel exhaust
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exposure levels, the increase in the ratio of internal diesel exhaust particulate matter burden to
external exposure is not very large, being dightly larger than a factor of 2 at most, and state that
“Although dust overloading is areal phenomenon, it is not a very large effect and thus would not
be expected to give rise to dramatically lowered estimates of risk at low exposure levels.”

Diesdl exhaust-induced chronic inflammation may have athreshold of effect. However,
genotoxicity induced by the PAH/nitroPAH content of diesel exhaust would not be expected to
have an effect threshold. This suggests that both potentially threshold and nonthreshold
mechanisms may play arole in the induction of rat lung tumors after exposure to diesel exhaust.
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6.2 EPIDEMIOLOGICAL STUDIES

The epidemiological evidence concerning the carcinogenicity of diesal exhaust primarily involves
cancers of the lung and bladder. The review focuses first on studies of lung cancer (Sections
6.2.1 and 6.2.2) and then turns to those of bladder cancer (Section 6.2.3). The evidence for
causation of lung cancer is then assessed using criteriafor causal inference from epidemiological
studies (Section 6.2.4). Because there are no epidemiologica studiesinvolving industrial hygiene
measurements concurrent with the exposures of the study populations, exposure has typically
been defined by the surrogate measures of usual occupation or job classification within an
industry. Summary findings from each study are presented in Table 6.5.

This chapter provides evidence consistent with a causal relationship between occupational diesel
exhaust exposure and lung cancer. A lengthy discussion of causal inference, including the
strengths and limitations of the underlying data, can be found in Section 6.2.4. The evidence
linking diesel exposure and bladder cancer is not as extensive or compelling. In summary, the key
findings relating lung cancer and occupational exposure to diesel exhaust are as follows: the
majority of studies examining the diesel exhaust-lung cancer association have reported elevated
estimates of relative risk, many of which are statistically significant. The consistency of these
findings is unlikely to be due to chance. Moreover, with the possible exception of some studies
that did not take smoking into account, the results are unlikely to be explained by confounding or
bias. Thisisreinforced by the results of a meta-analysis undertaken by OEHHA staff (Appendix
C, summarized in section 6.2.2), in which statistically significant pooled estimates of relative risk
persisted through numerous subset and sensitivity anayses. The most important potential
confounder is cigarette smoking, which was measured and controlled for in multiple studies: in the
meta-analysis the pooled relative risk estimate for studies that adjusted for smoking was 1.43
(95% C.I. = 1.31-1.57). In addition, several studies provide evidence of exposure-response
relationships. The strength of the associations reported is typically within the range considered
“weak” in epidemiology (i.e., estimates of relative risk between 1 and 2); nonetheless, thisis not a
bar to causal inference as long as other criteria are met, as discussed in Section 6.2.4. Thus, a
reasonable and very likely explanation for the increased risks of lung cancer observed in the
occupational epidemiological studiesisa causal association between diesel exhaust exposure and
lung cancer.

6.21 REVIEW OF LUNG CANCER STUDIES

The question of whether diesel exhaust causes lung cancer has been addressed by both industry-
based cohort and case-control studies as well as population-based studies of lung cancer. In the
following subsections, the review of the lung cancer studies has been divided into five parts
focusing on studies of : (1) truck drivers, (2) transport and equipment workers, (3) dock workers,
(4) railway workers, and (5) other miscellaneous occupations involving diesal exhaust exposure.

6.21.1 STUDIESOF LUNG CANCER AMONG TRUCK DRIVERS

Truck drivers, as agroup, have been thought to experience elevated exposures to diesel exhaust.
Although studies of cancer among truck drivers have not included actual measurements of diesel
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exhaust exposure, auxiliary studies provide some relevant data. Ziskind et al. (1978) reported
elevated concentrations of engine combustion products, including NO,, NO and CO,, in truck
cabs. Zaebst et al. (1991) reported U.S. long distance drivers to have five-fold greater total
carbon exposure compared to residential exposures (at least one mile from any maor highway). In
astudy of Swissdrivers, Guillemin et al. (1992) found elevated levels of respirable particlesin the
diesel trucks of local drivers (0.26 mg/m®) but not in the truck cabs of long-distance drivers (0.10
mg/m°) or in the offices of the administrative worker controls (0.11 mg/m®). However, it was not
clear what proportion of the elevated value was due to vehicular self-pollution (entrainment of the
study trucks engine exhaust) versus ambient urban pollution.

Furthermore, information on smoking habits is often unavailable, particularly in cohort mortality
studies, although there is evidence that truck drivers tend to have a high smoking prevalence
(Wynder and Higgins, 1986; Williams et al., 1977). In the small number of drivers surveyed by
Guillemin et al. (1992) (n=15), smoking did not significantly influence either the measured total
dust or the total polyaromatic hydrocarbons for the drivers; however, large standard deviations
suggest awide range of values. Steenland et al. (1992) reported the findings of an industrial
hygiene survey of the American trucking industry. Long-haul road drivers had an exposure of 5.1
my/m?® of elemental carbon, compared to a roadway background of 3.4 ng/m® and a residential
background of 1.6 nym®. In studies by both Steenland et al. (1992) and Guillemin et al. (1992),
the authors commented that drivers apparently received much of their current exposures from the
roadway background, rather than directly from engine exhaust.

Menck and Henderson (1976) carried out a study of occupational differencesin lung cancer rates
in Los Angeles County. Subjects for the study were white males, aged 20-64, who died in the
period 1968-70, and whose death certificates mentioned lung cancer. Also included were all
cases of lung cancer in white males in the same age group reported to the county Cancer
Surveillance Program for 1972-73. Subjects were coded according to occupation. Using
estimates of occupational group population sizes for the county, expected numbers of deaths and
incident cases were calculated for each specific occupation, assuming the age-specific cancer rates
in each occupation would be the same as those for al occupations. Occupation-specific mortality
ratios were calculated after combining the deaths and incident cases. The specific mortality ratio
for lung cancer among truck drivers was 1.65 (p<0.01). No information on smoking was
available for this study.

Decoufle et al. (1977) conducted a case-control study of cancer patients admitted to Roswell
Park Memorial Institute between 1956 and 1965. A variety of risk estimates for a range of
cancers were calculated using other noncancer patients as controls. No significant increase in the
risk for lung cancer was found for individuals ever employed as truck [and tractor] drivers (odds
ratio (OR) = 1.07, p>0.05, 56 cases) or employed at |east five years (OR = 0.89, p>0.05, 50
cases [combined with bus and taxi drivers]).

In their analysis of data from the Third National Cancer Survey (TNCYS), Williams et al. (1977)

reported a weak association between truck driving and lung cancer. The TNCS involved
interviews of 7,518 patients from eight, mainly urban, areas of the U.S. The interviews included
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guestions on lifetime employment histories, smoking habits and socioeconomic status (SES). The
principal analysis involved testing for associations between main lifetime employment in each of
202 employment categories with cancer occurring at 29 specific sites. For each cancer site,
patients with cancers at all 28 other sites were combined as a control group. Appropriate
adjustments were made for confounding factors, including smoking and socio-economic status
(SES). After controlling for race, education, geographic location, alcohol consumption, and
tobacco use among male truck drivers, the OR for lung cancer was 1.52, based on 22 cases.
Although the report did not present confidence limits, this OR was not statistically significant at a
=0.05. Animportant weakness of this study was the low questionnaire response rate (57%).

Luepker and Smith (1978) studied the mortality experience over a three-month period in the
International Brotherhood of Teamsters, whose members are mainly truck drivers. Overall
mortality showed evidence of a heathy worker effect, with an SMR of 0.74. In contrast,
mortality from respiratory cancers was dightly elevated, with a standardized mortality ratio
(SMR) of 1.21 (p<0.01) for the entire cohort, and a SMR of 1.37 (p<0.001) for the 50-59 year
age group (n = 48,358). No separate analysis was presented for truck drivers alone, and
information on smoking habits was not available. However, there was no elevation of mortality
from cardiovascular disease, chronic bronchitis or emphysema, which would otherwise be
expected to accompany a high smoking prevaence. Additional limitations of this study include the
exclusion of retirees and members with lapsed benefits, as well as a short follow-up period.

Ahlberg et al. (1981) identified a cohort of Swedish truck drivers from the 1960 national census
(n=34,027). A comparison population was formed with other blue-collar workers without
known exposure to petroleum or chemical products (n = 686,708). Between 1961 and 73, 161
lung cancers were registered within the cohort. For all truck drivers, the relative risk (RR) of
lung cancer was 1.33 (95% C.I. = 1.13-1.56), while Stockholm drivers had a higher risk (RR =
1.62, 95% C.I. = 1.15-2.28). Although no individual data on smoking were available, a
guestionnaire survey of professiona driversin Stockholm found that 31% of truck drivers
smoked, excluding those who drove fuel tank trucks. For comparison, the authors cited an
unpublished report indicating a smoking prevaence of 40% in Stockholm.

Milne et al. (1983) performed a case-control study of all lung cancer deaths occurring in Alameda
County, Cdlifornia, in the period 1958-1962. The study group consisted of 925 lung cancer cases
and 6,420 other cancer controls, all of whom were coded according to occupation as listed on the
death certificate. Employment as a truck driver (23 cases, 53 controls) was positively associated
with lung cancer (OR = 1.6, p<0.05). However, when cancers associated with occupational
factors (cancers of the pancreas, nasal sinus, kidney, bladder, bone and hematopoietic system)
were excluded from the control group, the odds ratio for truck drivers decreased to 1.3, which
was not statistically significant at the 95% confidence level. No information on smoking habits
was available.

Hall and Wynder (1984) performed a case-control study of 502 lung cancer patients, aged 20 to

80, using as controls 502 patients at the same hospitals who did not have smoking-related
diseases. All cases and controls were interviewed about smoking history and “usua lifetime
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occupation.” Occupations were dichotomized into diesel-exposed and unexposed;
warehousemen, bus drivers, truck drivers, railroad workers, and heavy equipment operators were
al considered exposed. For all diesal-exposed occupations the OR was 2.0 (95% C.1. = 1.2-3.2),
but decreased to 1.4 (95% C.I. = 0.8-2.4) after adjusting for smoking. The OR for truck drivers
was 1.4 (95% C.1. = 0.7-2.6). However, due to the limited number of cases (n = 22), the authors
did not adjust this estimate for smoking.

Boffetta et al. (1990) conducted a follow-up study to that reported by Hall and Wynder (1984),
which included 2,584 lung cancer cases and 5,009 hospitalized controls. Exposure was assessed
by both occupational titles and self-reported exposure to diesel exhaust. After controlling for
smoking, asbestos exposure and education, the ORs for the occupational groups considered to
have had “possible” and “probable’ diesel exposure were 0.92 and 0.95, respectively. The group
with the longest duration of probable exposure to diesel exhaust (>30 years) had an OR of 1.49
(95% C.1. = 0.72-3.11) based on 17 cases and 19 controls. The only occupation with sufficient
subjects for separate consideration was truck driving, comprising 114 cases and 176 controls, but
duration of employment data were available only for 23 cases and 27 controls. The smoking-,
asbestos- and education-adjusted OR for truck drivers with greater than 30 years exposure (n =
16) was 1.17 (95% C.1. = 0.4-3.41). The small number of casesin the exposed categories limits
the interpretation of the study results.

In a case-control study of male lung cancer in Northern Sweden, Damber and Larsson (1985)
examined the risk to professiona drivers (including truck drivers) by stratified analysis. The study
included 604 cases reported to the national death registry between 1972 and 1977. Cases were
each matched with another death (due to causes other than lung cancer and suicide) and aliving
referent. Occupational histories were obtained by interview with next-of-kin or living controls.
The cases included 63 professional drivers, 35 of whom were truck drivers. The professiona
drivers, both cases and controls, included a greater proportion of smokers than the rest of the
study population. As expected, the results of the stratified analysis showed a clear association of
lung cancer with cigarette smoking habits. The analysis also suggested an association between
professiona driving and lung cancer. For nonsmoking cases diagnosed with lung cancer at ages
less than 70, the OR was 1.9 (95% C.I. = 0.5-5.5), and for those 70 years or older at the time of
diagnosis, the OR was 4.5 (95% C.I. = 1.1-16.4). Furthermore, among smokers older than age
70 the OR for truck driving was 43.3 (95% C.I. = 15.3-122.5), a significant increase above the
OR for smokers who were not truck drivers, 6.7 (95% C.I. = 3.7-12.2), with both ratios using
nondriving nonsmokers as the reference group. The authors suggested a synergistic interaction
between smoking and driving, but the findings were inconclusive in light of the heavier smoking
among truck drivers and the small numbersinvolved. The report indicated that diesel engines
were much more common than conventiona gasoline engines in the vehicles driven by this study
population. However, no quantitative assessment of diesel versus gasoline exhaust exposure was
provided.

In alater analysis of the same study population, Damber and Larsson (1987) calculated ORs for

professiona drivers asawhole, aswell asfor severa other occupations. They reported that the
unadjusted OR for professional drivers was elevated, but not significantly (OR = 1.5, 95% C.I. =
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0.9-2.6). After adjusting for smoking the estimate did not attain statistical significance, even for
those drivers who had worked for more than 20 years (OR = 1.2, 95% C.I. = 0.6-2.2).

Using data from the first two years of the American Cancer Society’s prospective mortality study,
Boffetta et al. (1988) analyzed the relationship between mortality and diesel exhaust exposure.
The study included over 1.2 million men and women from throughout the U.S. who were enrolled
in the fall of 1982. Information was obtained by questionnaire on a variety of subjects,
encompassing occupational history and exposures to twelve groups of substances, including diesel
exhaust and tobacco smoke. The analysis was restricted to men aged 40-79 at enrollment whose
status was known at the two year follow-up, with 92,038 subjects excluded due to lack of
information on diesal exposure and 14,667 excluded due to lack of information on smoking. For
the group with known smoking habits and occupational exposure to diesel exhaust (n = 62,800),
the relative risk for diesel exposure and lung cancer (adjusted for age and smoking) was 1.18
(95% C.I. =0.97-1.44). Inasubanalysis stratified by duration of diesel exposure for all
occupations, Boffetta et al. reported a suggestive, although not statistically significant, exposure-
response relationship by duration of employment with the relative risks of 1.05 (95% C.I. = 0.80-
1.39) for 1-15 yearsand 1.21 (95% C.I. = 0.94-1.56) for 16 or more years of reported exposure
to diesel exhaust (test for trend: 0.05 < p < 0.10). For truck drivers overal (n = 48 cases), the
smoking-adjusted relative risk for lung cancer was 1.24 (95% C.I. = 0.93-1.66), similar to the risk
found in the 18 cases among truck drivers reporting diesel exhaust exposure (RR = 1.22, 95%
C.I.=0.77-1.95). There was also nonsignificant evidence of atrend of increasing lung cancer risk
among truck drivers with increasing duration of exposure (for 1-15 years of exposure, RR = 0.87,
95% C.I. = 0.33-2.25 based on six exposed cases, and for 16+ years of exposure, RR = 1.33,
95% C.1. = 0.64-2.75, based on 12 exposed cases, with truck drivers reportedly not exposed to
diesel exhaust as the reference category). Approximately 20% of study subjects with known
smoking status were excluded from the analysis because of lack of information on diesel exhaust
exposure: since this group experienced greater risks of mortality from all causes and from lung
cancer than the group with known diesel exposure status, it is likely that this exclusion produced a
downward bias in the estimates of relative risk.

Benhamou et al. (1988) conducted a study between 1976 and 1980 of 1,334 histologically
confirmed cases of lung cancer among adult males and 2,409 matched controls (from an original
hospital-based study of 1,625 cases and 3,091 controls). Occupations and smoking histories were
determined by interview; jobs were coded to International Labor Organization classifications.

The smoking-adjusted OR was 1.42 (95% C.I. = 1.07-1.89) for all professional motor vehicle
drivers (128 cases, 167 controls). However, no information was available on specific engine or
vehicle type.

Hayes et al. (1989) performed a pooled analysis of data from three U.S. case-control studies
carried out by the National Cancer Institute. In this pooled analysis, the authors examined the
association between employment in motor exhaust-related occupations and lung cancer risk,
adjusting for confounding by smoking and other factors. Subjects for the pooled analysis were
restricted to males with an available occupationa history (recoded and standardized across the
three studies). In total, 2,291 cases of lung cancer and 2,570 controls were eligible. Information
examined included al jobs held for six months or more (industry, occupation, and number of
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years employed), usua number of cigarettes smoked, birth year, interview type (i.e. with the study
subject or the next-of-kin), and study location. All truck drivers employed for longer than 10
years (112 cases, 106 controls) had an OR for lung cancer of 1.5 (95% C.I. = 1.1-2.0) after
adjusting for birth cohort, usua daily cigarette use, and state. Subsetting truck driversinto either
short-haul (route man/delivery man) or other driver (including long-haul) categories did not
substantially ater the associated risk estimates, OR = 1.8 (95% C.I. = 1.0-3.4) for 3 10 yearsasa
route man/delivery man versus 1.4 (95% C.1. = 1.0-1.9) for other truck drivers. There was aso
modest evidence of atrend of increased risk with increasing duration of employment (p<0.05),
with ORsfor <2 years, 2-9 years, 10-19 years, and 3 20 years of employment of 1.0 (95% C.I. =
0.7-1.6), 1.0 (95% C.l. = 0.8-1.4), 1.4 (95% C.l. = 0.9-2.2), and 1.5 (95% C.I. = 1.0-2.3),
although the OR for only one duration stratum (3 20 year) was statistically significant. No
specific information was given regarding diesel exposure or engine type.

Steenland et al. (1990) performed a case-control study of Teamster Union members who died of
lung cancer in 1982-83 (n = 996). Controls included every sixth members death in the same time
period (n = 1,085), excluding deaths from lung and bladder cancer and motor vehicle accidents.
Employment data were obtained from two sources -- union work records, which did not specify
whether drivers drove diesel or gasoline-powered vehicles, and next-of-kin questionnaires, which
did dlicit diesel-specific exposure information. However, 90% of the truck driversidentified as
diesal truck drivers by next-of-kin were categorized as long-haul drivers by the union.
Additionally, the data obtained from next-of-kin included information on several potential
confounders (such as smoking, diet and asbestos exposure), which was utilized in all analyses.
Analyses were conducted using both sources of work history. No single type of main job
category (long- and short-haul truck drivers, gasoline- and diesel-powered trucks, dock workers,
or truck mechanics) had a significant increase in risk, although several category estimates were
elevated. For example, using union work records resulted in an OR of 1.27 (95% C.I. = 0.83-
1.93) for long-haul drivers, while the estimate based on data from next-of-kin resulted in an OR of
1.42 (95% C.I. = 0.89-2.26) for primarily diesel truck drivers. Stratifying the different union job
categories by duration of employment gave slightly higher estimates for subgroups with the
longest exposures: OR = 1.55 (95% C.I. = 0.97-2.47) for long-haul driverswith 18 or more years
exposure and OR = 1.89 (95% C.I. = 1.04-3.42) for diesel truck drivers with greater than 34
years of exposure.

Using cancer registry data, Burns and Swanson (1991) conducted a study of lung cancer by
occupation in Detroit. Occupational and smoking histories were obtained by telephone interview
for 5,935 lung cancer cases and 3,956 colon or rectal cancer controls diagnosed between 1984
and 1987. After adjusting for smoking, an OR of 2.40 (95% C.l. = 1.65-3.48) was calculated for
white male drivers. The smoking- and race-adjusted OR for all drivers (238 cases, 86 controls)
was 1.88 (95% C.I. = 1.37-2.58), while drivers of “heavy trucks’ (166 cases, 48 controls),
maintained a higher risk even after adjustment for smoking, OR = 2.31 (95% C.I. = 1.56-3.42).
Mechanics also had a significantly elevated OR for lung cancer (OR = 1.72, 95% C.I. = 1.15-
2.59). Thetypes of vehicle engines were not specified.
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In afollow-up analysis of the same study population, Swanson et al. (1993) presented risk
estimates for lung cancer and a number of occupations stratified by years of employment. White
male drivers of heavy trucks (237 cases) had smoking-adjusted ORs of 1.4 (95% C.I. = 0.8-2.4)
for 1-9 years, 1.6 (95% C.1. = 0.8-3.5) for 10-19 years, and 2.5 (95% C.I. = 1.1-4.4) for 20 or
more years (¢ test for trend: p<0.05). Cases in individuals classified as drivers of light trucks (n =
82) also demonstrated a significant trend of increasing risk with increasing duration of
employment, OR = 1.7 (95% C.I. = 0.9-3.3) for 1-9 yearsand OR = 2.1 (95% C.I. = 0.9-4.6) for
10 or more years. Unlike the comparable stratum for drivers of heavy trucks, the estimate for
longest duration stratum, 3 10 years, was not statistically significant.

Rafnsson and Gunnarsdottir (1991) conducted a retrospective cohort study of truck and taxi
driversin Iceland followed from 1951 to 1988. The subjects were selected from the membership
rolls of the truck drivers’ union. Nearly all trucks were equipped with diesel engines after 1950.
Using national mortality rates as an external comparison, the SMR for all truck drivers was 2.14
(95% C.1. = 1.37-3.18) based on 24 observed cases. In an analysis by duration of employment or
by period of follow-up, no dose-response relationship was apparent; however, this could be duein
part to the small number of cases. Smoking data were not available, but deaths due to respiratory
disease were significantly lower than expected (SMR = 0.50 95% C.I. = 0.28-0.82).

Guberan et al. (1992) retrospectively studied 1,726 Swiss professiona drivers, individuals holding
gpecial licenses for driving trucks (n = 1,278), taxis (n = 128) or buses (n = 320), of whom 818
were licensed between 1949 and 1961. The authors estimated that between one-quarter and one-
third of the truck drivers engaged in medium- or long-haul driving. No smoking data were
available. Cancer mortality for professional drivers from 1949-86 was significantly increased
(SMR =1.50, 95% C.I. = 1.23-1.81) after allowing for 15 years of latency. A significant
(p<0.02) upward trend in lung cancer mortality with time from first exposure was a so observed:
SMRs=0.67, 1.18, 1.30, 1.35, and 2.59 for 0-14, 15-24, 25-34, 35-44, and 3 45 years,
respectively (no confidence intervals reported).

Hansen (1993) reported on a cohort of 14,225 Danish truck drivers followed for ten years. All
subjects were selected from among unskilled laborers identified from 1970 national censusfiles.
The comparison group included 43,024 unskilled laborers considered unexposed to vehicle
exhaust. There were no data on smoking, but the comparison group was reportedly chosen to
resemble the truck drivers with respect to life style, socia class, educational background and
work-related demands on strength and fitness. With a comparison group of the same socia class,
one expects similar distributions of cigarette smoking in the exposed and unexposed groups,
though there may have been some asymmetry in this instance because more than 1/3 of the
comparison group were from rural areas where smoking prevalence tends to be lower. The SMR
for truck drivers was 1.60 (95% C.I. = 1.26-2.00) with 76 exposed cases. The report noted that
diesal engines have comprised most of the Danish fleet of trucks since the late 1940s.

Pfluger and Minder (1994) analyzed the lung cancer mortality of Swiss professional drivers

(“chauffeurs’), which included truck, bus and taxi drivers, whom the authors considered to have
had chronic exposure to diesel exhaust. Occupations were determined from death certificates,
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while census data were used to compute population-based, age- and occupation-specific death
rates. Although individual smoking data were unavailable, an indirect adjustment for smoking-
attributable lung cancer mortality was conducted based on occupation-specific smoking rates.
Before adjusting for smoking, the SMR for “chauffeurs” was 2.27 (95% C.1. = 1.99-2.58); after
accounting for group smoking rates a modest, statistically significant increase remained, SMR
1.48 (95% C.I. = 1.30-1.68).

The studies that have examined the lung cancer risk to truck drivers are summarized in Table 6.5.
These studies have consistently reported small increasesin lung cancer relative risk. However, the
studies suffer from various deficiencies, including small numbers of subjects, inadequate
adjustment for confounding, and crude exposure assessments, usually based on occupational
classification. Most of the earlier studies did not adjust for smoking. Because of evidence that
truck drivers have a higher smoking prevalence (Wynder and Higgins, 1986), individual studies
that do not account for smoking generally provide limited evidence regarding carcinogenicity.
Before 1988, the two studies that took smoking into account, Williams et al. (1977) and Hall &
Wynder (1984), had ORs of 1.4 - 1.5, which were not statistically significant. The third study that
accounted for smoking (Damber and Larsson, 1985, 1987), only found significantly elevated risks
in truck drivers who smoked after stratifying on age (i.e., only for those > 70 years old at
diagnosis). However, in the follow-up study, after analyzing for duration of employment (20 or
more years), elevated but nonsignificant risks were observed for al professiona drivers combined
(Damber and Larsson, 1987).

By comparison, the mgjority of studies published since 1988 have adjusted for smoking to varying
degrees. Of the smoking-adjusted population based studies, two of four found statistically
significant increases in the relative risk for lung cancer associated with occupation as a truck
driver, especidly in individuals employed for 10 or more years (Hayes et al. 1989; Swanson et al.
1993). In addition, both studies reported some evidence of a positive trend between increased
duration of employment and risk for lung cancer. Although both found statistically significant
trends (p<0.05), the only stratum with statistically significant relative risk estimates was that
including 20 or more years employment as atruck driver, with ORs of 1.5 (95% C.I. = 1.0-2.3)
and 2.5 (95% C.1. = 1.1-4.4), reported by Hayes et al. (1989) and Swanson et al. (1993),
respectively.

Three of the six more recent industry-specific studies adjusted for smoking, at either the individua
(Benhamou et al. (1988) and Steenland et al. 1990) or group level (Pfluger and Minder 1994).
The two studies of professional drivers, a portion of which included truck drivers, found
significantly elevated estimates of relative risk with smoking-adjusted ORs of 1.42 (95% C.I. =
1.07-1.89) and 1.48 (95% C.I. = 1.30-1.68) (Benhamou et al., 1988 and Pfluger and Minder,
1994, respectively). The one smoking-adjusted study focusing on trucking, Steenland et al.
(1990), found elevated relative risk estimates for severa occupational and duration of
employment categories; however, the only statistically significant risk estimate found was for
diesal truck drivers with greater than 34 years of exposure, (OR = 1.89; 95% C.I. = 1.04-3.42).

While several population-based studies enrolled a large number of subjects overall (Williams et al.
1977; Milne et al. 1983; Hall and Wynder, 1984; Damber and Larsson, 1987; Boffetta et al.
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1988), the actual numbers of subjects occupationally exposed to diesel exhaust (considered here
astruck drivers) were small. Of the larger, general population studies (Hayes et al. 1989;
Benhamou et al. 1988; Boffetta et al. 1990; Swanson et al. 1993) and industry- or occupation-
specific studies (Ahlberg et al. 1981; Rafnsson and Gunnarsdottir, 1991; Guberan et al. 1992;
Hansen et al. 1993; Pfluger and Minder, 1994; Steenland et al. 1990) with greater numbers of
truck drivers, significantly elevated smoking-adjusted risk estimates were limited mainly to the
case-control studies described above (Hayes et al. 1989; Benhamou et al. 1988; Steenland et al.
1990; Swanson et al. 1993; Pfluger and Minder, 1994). Although severa industry-specific cohort
studies found significantly elevated risks associated with truck or professiona driving, with SMRs
ranging between 1.33 and 2.14, al lacked smoking data.

6.2.1.2 STUDIES OF LUNG CANCER AMONG TRANSPORT AND EQUIPMENT
WORKERS

Raffle (1957) conducted a cohort study of London Transport employees (bus and trolley
workers, bus engineers), aged 45 to 64, who were followed between 1950 and 1954. Although
the follow-up duration was short, 30 deaths from lung cancer were observed in men aged 55-64.
Using other company employees as a comparison group, the SMR was 1.4 (no confidence
intervals reported). No data on smoking were available.

Waller (1981) assessed mortality in five categories of London transport employees, including
drivers, conductors, engineers, motormen, and guards. This study included some of the data
described by Raffle (1957). The SMR for lung cancer, using London males as a comparison
population, was 0.79 for the entire cohort. Again, no smoking information was available and, as
with the earlier study, only cases arising during employment were considered. Subjects were not
followed into retirement or after leaving service, thereby allowing for incompl ete ascertainment of
cases.

Rushton et al. (1983) reported a retrospective cohort study of 8,684 maintenance men with at
least one year of service between 1967 and 1975 in London Transport bus garages. The London
Transport bus fleet had been fully dieselized since 1950 and these men were expected to have had
appreciable exposure to diesel exhaust. Though all-cause mortality compared to the general
population was decreased (SMR = 0.84, p<0.000l), lung cancer mortality was not (SMR =1.01, p
=0.94). No smoking data were available, and no analyses based on length of service were
presented. As the authors concluded, the study had limited power and the follow-up time was
short (Six years on average).

Heavy construction equipment workers are potentially exposed to diesel exhaust. For this reason
Wong et al. (1985) carried out a retrospective mortality study on members of an operating
engineers local union who had at least one year of service between 1964 and 1978 (n = 34,156).
Work histories were obtained from job dispatch tapes kept at the union and vital status for
separated workers was obtained from the Socia Security Administration. Death certificates were
obtained for 97% of deceased workers and SMRs were calculated relative to U.S. population
mortality rates. For al-cause mortality the SMR was 0.81 (95% C.I. = 0.79-0.84) and for lung
cancer the SMR was 0.99 (95% C.1. = 0.88-1.10). Analyses of lung cancer mortality by length of
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union membership and by latency showed small positive (but nonsignificant) trends, accompanied
by more marked trends for emphysema mortality. An excess of lung cancer was found for
retirees. For those who retired only when they reached age 65, the SMR for lung cancer was 1.30
(95% C.I. = 1.04-1.60). In this group there was aso alarge excess of deaths from emphysema
(SMR = 2.75, 95% C.I. = 2.09-3.55) suggesting excess smoking relative to the reference
population. Information on smoking habits was not available for this anaysis, athough a small
survey did not show any statistically significant difference between the smoking habits of union
members and those of the general population.

Buiatti et al. (1985) investigated the occupational factors associated with lung cancer in an Italian
hospital-based study during 1981 through 1983. All eligible cases (n = 376) and controls (n =
892) residing in metropolitan Florence were interviewed regarding occupation and smoking
status. Adjusted risk estimates (age, residence and smoking) were provided for menin
transportation occupations only, with an OR of 1.1 (95% C.I. = 0.7-1.6), based on 45 cases and
99 controls. No specific vehicle type or duration-of-employment analysis was presented.

Edling et al. (1987) reported on the mortality experience of a cohort of 694 Swedish bus garage
employees followed from 1951 through 1983. Using age-adjusted national rates to calculate
expected numbers of cases, the SMR was 0.67 (six observed/nine expected). Five of these six
cases occurred in bus drivers versus 7.2 expected (SMR = 0.69). No data were available for
smoking and the study power was clearly limited.

In the American Cancer Society prospective mortality study, discussed above in relation to truck
drivers (Section 6.2.1.1), Boffetta et al. (1988) found a significantly elevated age- and smoking-
adjusted RR of 2.60 (95% C.I. = 1.12-6.06) for heavy equipment operators, based on five lung
cancer deaths.

Netterstrom (1988) conducted a death certificate and cancer registry-based study of cancer in
2,465 Danish bus drivers during the period 1978 through 1984. The SMR for lung cancer
(unadjusted for smoking) was 0.87 (95% C.l. = 0.48-1.43), based on 15 cases. The mean value
for employment duration among the lung cancer cases was 30 years (range = 12 to 39 years).

In their study of motor exhaust-related occupations, Hayes et al. (1989) (see Section 6.2.1.1) aso
examined the risk for heavy equipment operators. After adjusting for age, residence, and smoking,
the ORs for operators were elevated but not statistically significant for either duration of
employment stratum: OR = 1.5 (95% C.I = 0.4-5.3) for less than 10 years, and OR = 2.1 (95%
C.l.=0.6-7.1) for > 10 years of employment. However, there were few operators identified in
this study, i.e., 17 cases and 16 controls.

Gustavsson et al. (1990) examined lung cancer incidence and mortality in 695 men who had
worked in bus garages in Stockholm for at least six months between 1945 and 1970. The subjects
were followed until 1986. Exposure was categorized with a metric based on period-specific job
tasks and duration of employment. The overal lung cancer SMR (relative to the Stockholm
working population) was elevated, but not statistically significant (SMR = 1.22; 95% C.I. = 0.71-
1.96). In amore detailed nested case-control analysis of 20 lung cancer cases, the resulting
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estimated RRs increased with the diesal-exhaust exposure index: RRs were 1.34 (95% C.I. =
1.09-1.64) for low, 1.81 (95% C.I. = 1.20-2.71) for medium, and 2.43 (95% 1.32-4.47) for high
cumulative exposure to diesdl exhaust. In this nested case-control analysis, six controls were age
matched (+ 2 years) to each lung cancer case by selecting noncases randomly from the garage
employee cohort at the time of case diagnosis. Precision was limited by the small number of cases.
Although the report did not include data on cigarette smoking, the authors suggested that the
nested case-control design decreased the potential confounding due to smoking since workers
with high and low exposure belonged to the same occupational category and were likely to have
had similar smoking habits.

Most studies of transportation workers are limited by small sample size, lack of smoking data, or
limited follow-up. None of the three studies of London transportation workers, drivers or garage
workers, (Raffle, 1957; Waller, 1981; Rushton et al. 1983) obtained information on smoking. In
addition, two lacked sufficient follow-up (Raffle, 1957; Rushton et al. 1983), excluded retirees, or
suffered from small sample size (Raffle, 1957; Waller, 1981). Of the other European studies
focusing on bus company employees (Edling et al., 1987; Netterstrém, 1988; Gustavsson et al.
1990), only Gustavsson et al. (1990) found an elevated risk for lung cancer, with an overall SMR
of 1.22 (95% C.I. = 0.71-1.96). However, in the more detailed nested case-control analysis using
conditional logistic regression, estimated RRs increased with the cumulative diesal-exhaust
exposure index, as noted above.

Of the three studies reporting increased risks for heavy equipment operators (Wong et al., 1985;
Boffetta et al., 1988; Hayes et al., 1989), only the RR reported by Boffetta et al. (1988) was
statistically significant (RR = 2.6; 95% C.I. = 1.12-6.06). However, this estimate was based on
only five lung cancer deaths. The large industry-specific cohort study of Wong et al. (1985) did
not find an elevated risk for lung cancer among unionized heavy equipment operators (SMR =
0.99; 95% C.I. = 0.88-1.10). A subset of individuals retiring at age 65 did have a significantly
elevated risk, but a group excess in emphysema deaths (SMR = 2.75; 95% C.1. = 2.09-3.55) and
the absence of smoking data suggest that the increased risk may have been related more to
tobacco use than to diesel exhaust exposure.

6.2.1.3 STUDY OF LUNG CANCER AMONG DOCK WORKERS

Gustafsson et al. (1986) carried out a retrospective cohort study of mortality and cancer incidence
in agroup of 6,071 Swedish dock workers employed for at least sx months before 1974.
Workers were followed from 1961, by which time Swedish ports used largely diesel-powered
trucks, until 1981. Relative to the Swedish male population, the respiratory cancer mortality was
significantly elevated (SMR = 1.29, 95% C.I. = 1.02-1.63). Lung cancer incidence was aso
elevated (SIR = 1.53, 95% C.I. = 1.24-1.80). No information on smoking habits was available.

In a nested case-control study of Swedish dock workers, Emmelin et al. (1993) studied 50 lung
cancer cases (from the Gustafsson et al. (1986) cohort) and 154 matched controls. The study
investigators utilized company records on annua fuel consumption and machine hours, in
combination with individual employment histories (job locations and duration) to create three
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exposure categories. ORs were estimated for the three exposure categories for both smokers and
for nonsmokers. An increasing trend of risk with exposure for both smokers and nonsmokers was
reported, but the trend for nonsmokers is not informative because of the small numbers of cases
(only 1 to 3 cases per exposure category). For smokers the trend is evident, and the top two
exposure categories have significantly elevated risks, even though confidence intervals are wide
(see Table 6.5). The smoking-adjusted ORs for the high-exposure groups within the three
exposure classifications (“machine time’, “fuel consumption”, “exposed time”) were 2.9 (90%
C.I.=0.6-14.4), 2.9 (90% C.l. =0.7-11.5) and 6.8 (90% C.I. = 1.3-34.9).

Although the initial report on the entire cohort of Swedish dock workersindicated a significantly
elevated risk for lung cancer, the lack of smoking data prevented estimation of a diesel-specific
risk (Gustafsson et al. 1986). With the availability of smoking and employment historiesin the
later nested case-control follow-up report of Emmelin et al. (1993), severa alternative exposure
variables were created and assessed, stratifying on smoking status. Although an increasing trend
of risk with exposure was identified, only small numbers of exposed cases were included within
the classifications. Smoking-adjusted elevated risks were found for al high-exposure groups;
however, these were reported as significant at the p<0.10 level.

6.2.1.4 STUDIESOF LUNG CANCER AMONG RAILWAY WORKERS

In 1959, Kaplan studied lung cancer mortality among employees of the Baltimore and Ohio
Railroad. Thisrailroad initiated locomotive diesdlization in 1935, completing this process by
1958. Workers employed at any time between 1953 and 1958 were eligible for entry into the
cohort; 154 deaths from primary cancers of the lung or bronchus were identified. Exposure was
categorized into three groups by job type. The lung cancer SMR for the most exposed group,
relative to the general population, was 0.875. The limited number of years of exposure to diesel
exhaust for some members of the cohort and the abbreviated follow-up time do not allow for
sufficient latency to be informative regarding the relationship of diesel exhaust exposure to lung
cancer. In addition, no data on smoking were available.

In the Third National Cancer Survey discussed above (see Section 6.2.1.1), Williams et al. (1977)
found a nonsignificant increased risk for railroad workers among lung cancer patients, OR = 1.40,
based on 12 cases (no confidence intervals reported).

Howe et al. (1983) carried out a mortality study of 43,826 male pensioners of the Canadian
National Railroad. The cohort consisted of al male pensioners who were alive at the beginning of
1965. Subjects were followed until 1977, by which time 933 deaths from respiratory cancer
(trachea, bronchus and lung) had been recorded. Occupations at the time of retirement were
classified as “nonexposed”, “possibly exposed” or “probably exposed’. Analysis restricted to
individuals retiring after 1950 (n = 897 cases) yielded relative risks of 1.00, 1.20 (p = 0.013), and
1.35 (p<0.001) for the three exposure groups, respectively (test for trend: p<0.00l). There was
little change in these effect estimates when individuals involved in locomotive maintenance (and
who therefore may have been exposed to asbestos) were excluded from the analysis (n = 69).
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This study also found coal dust to be associated with lung cancer, with asimilar increasing trend
with degree of exposure. Because of a high degree of overlap between exposures to coa dust
and to diesdl exhaugt, the authors could not separate the effects of the two. However, since there
is evidence from anima and human studies for the carcinogenicity of diesel exhaust, but such
evidence does not exist for coal dust, the apparent effect of coal dust was more likely to have
been due to confounding by diesel exhaust, rather than vice versa. No smoking information was
available for this study, although there were increasing trends with degree of diesal exposure for
mortality from emphysema (SMRs = 1.00, 1.35, and 1.44) and other smoking-related cancers
combined (SMRs = 1.00, 1.08, and 1.16). The authors suggested that since the results were
based on internal comparisons little variation in smoking would be expected among the different
diesel exposure groups.

Garshick et al. (1987a) carried out a case-control study of lung cancer in U.S. railroad workers.
Cases comprised 1,256 lung cancer deaths occurring between 1981 and 1982 in the population of
active or retired railroad workers who had had 10 years or more of railroad service and were born
in 1900 or later. Two controls who had died of causes other than cancer, suicide or accident
were matched to each case by dates of birth and death. Next of kin were interviewed to obtain
information about the decedents, including their smoking habits. Job codes were obtained from
the Rallroad Retirement Board, and an industrial hygiene survey was used to classify the degree of
diesel exposure for each job type. Jobs were dichotomously categorized as exposed or not
exposed to diesal exhaust.

Garshick et al. considered exposure to diesel exhaust to have begun in 1959, since the transition
from steam to diesel-powered locomotives took place mainly in the 1950s, and was nearly
completein 1959. Years of diesel exhaust exposure to death or retirement were totaled for each
worker. The analysis separated those workers who died at age 65 (retirement age) or older (921
cases and 1,748 controls) from those workers <64 years at death (335 cases and 637 contrals).
Analysis by logistic regression showed no effect of diesel exhaust in the workers in the older age
category, who had substantially less diesel exposure than those in the younger category. For
example, 36% of cases and 43% of controls had no exposure in the younger group, while 52% of
cases and 53% of controls had no exposure in the older group. Furthermore, 35% of cases and
26% of controls had more than 19 years of diesel exposure in the younger group, while only 3%
of cases and controls had more than 19 years of diesel exposure in the older group.

In the group whose members were younger than 64 years old at time of death, the analysis by
Garshick et al. showed evidence of an exposure-response relationship with an OR of 1.41 (95%
C.l. = 1.06-1.88) for 20 or more years of exposure (diesel-years) after adjusting for smoking and
asbestos exposure. Excluding exposure occurring within five years of death, the OR for 15 or
more years of cumulative diesal exposure was 1.43 (95% C.1. = 1.06-1.94). For workers with 5
to 14 years of cumulative exposure, the OR was 1.07 (95% C.1. = 0.69-1.66) relative to a
reference category of 0 to 4 diesel exposure years.

Garshick et al. (1988) also conducted a retrospective cohort study of U.S. railroad workers.

Eligible for inclusion in the cohort were white males aged 40 to 64 years, who started work
between 1939 and 1949 and were till employed in 1959 in designated jobs. Follow-up extended
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through 1980. Jobs with recognized asbestos exposure were not included in the job codes
selected for study, athough some of the selected occupations had at least some potential for
asbestos exposure. The cohort consisted of 55,407 men, among whom there were 19,396 deaths,
including 1,694 attributable to lung cancer. Diesel exhaust exposure was characterized based on
their 1959 job group. Career paths were found to be very stable in the railways, such that a
worker aged 40-44 with a diesdl-exposed job in 1959 was likely to have a diesal-exposed job 20
years later; smilarly a nonexposed person in 1959 was likely to have a nonexposed job 20 years
later.

The youngest workers in 1959 had the longest potential duration of diesel exposure in the cohort.
In a proportional-hazards model these workers had the highest estimated relative risks for lung
cancer associated with diesel exhaust exposure: the relative risk for the group aged 40-44 in 1959
was 1.45 (95% C.1. = 1.11-1.89); for the group aged 45-49 the relative risk was 1.33 (95% C.I. =
1.03-1.73); for the group aged 50-54, 1.12 (95% C.1. = 0.88-1.42); for the group aged 55-59,
1.18 (95% C.I. = 0.94-1.50); and for the group aged 60-64, 0.99 (95% C.I. = 0.74-1.33). Though
the results were statistically significant only for the two youngest groups, there was a decreasing
trend with increasing age in 1959 (except for the 55-59 year age group), implying declining risk
with decreasing duration of exposure.

When exposure to diesel over the last five years before death was excluded, a relationship was
apparent between lung cancer risk and duration of exposure. The group with greater than 15
years of cumulative exposure had a RR for lung cancer of 1.72 (95% C.I. = 1.27-2.33); for those
with 10 to 14 years of exposure the RR was 1.32 (95% C.I. = 1.13-1.56); for 5 to 9 years, 1.24
(95% C.I. = 1.06-1.44); and for 1-4 years, 1.20 (95% C.I. = 1.01-1.44). All of these results are
statistically significant.

Although no smoking information was available for the cohort, the previous case-control study of
railway workers by the same group (Garshick et al., 1987a) reported that little change occurred in
the estimates of diesel exhaust effect due to adjustment for smoking habits and asbestos exposure
(unadjusted OR = 1.39, 95% C.I. = 1.05-1.83; adjusted OR = 1.41, 95% C.I. = 1.06-1.88). In
this analysis, the larger percentage of workers whose pack-year history was unknown (23% of
cases and 22% of controls) was treated as a separate category of smoking. In additional analyses
using only those workers for whom the investigators had detailed smoking data (n = 758), the
ORsfor 20 yr of diesdl exposure ranged from 1.50-1.53, adjusted for asbestos exposure and
several specifications of cigarette smoking history. These models included pack-years as asingle
continuous variable, as two independent variables (cigarettes per day and years of smoking), or as
acategorical variable classified in terms of the number of years the study subject had stopped
smoking prior to death. These analyses suggested that the diesel exhaust-lung cancer odds ratios
were not confounded by cigarette smoking in this population. Moreover, in agroup of railroad
workers previously surveyed for asbestos exposure (Garshick et al., 1987b) there was no
difference in smoking prevalence between workers with and without diesel exhaust exposure (data
not presented).

It should be noted that the case-control and the cohort studies by Garshick et al. involved
different study populations: The case-control study (Garshick et al. 1987a) contained cases and

6-43



MAY 1998

controls who had died in 1981 and 1982, whereas the cohort study (Garshick et al., 1988)
involved deaths occurring up to 1980. Thus, they may be considered different tests of the
hypothesis of an association between lung cancer and diesel exhaust exposure, although this does
not exclude the possibility of a common bias shared by the two studies, such as exposure to
chemicals transported by rail or to suspended dusts and debris.

In the American Cancer Society prospective mortality study mentioned above (see Section
6.2.1.1), Boffetta et al. (1988) found an age- and smoking-adjusted RR of 1.59 (95% C.I. = 0.94-
2.69) for lung cancer mortality in railroad workers. This estimate was based on only 14 lung
cancer deaths.

Swanson et al., (1993, as discussed in Section 6.2.1.1) aso examined the industrial category of
raillroad workers in their case-control study of lung cancer. The smoking-adjusted odds ratios for
white males (67 cases) were 1.2 (95% C.I. = 0.5-2.7) for 1-9 years of employment and 2.4 (95%
C.l. = 1.1-5.1) for more than 10 years of employment (c test for trend: p<0.05). Elevated, but
nonsignificant, smoking-adjusted ORs were a so associated with the 31 lung cancer cases
occurring in African-American railroad workers, OR = 2.6 (95% C.I. = 0.8-7.9) for 1-9 years and
OR = 2.7 for 3 10 years of employment (95% C.I. = 0.6-12.1).

Nokso-Koivisto and Pukkala (1994) compared the incidence of lung cancer among locomotive
driversto the total Finnish population. The retrospective cohort consisted of the 8,391 members
of the Finnish Locomoative Drivers Association from 1953 until 1991 (retired drivers remain
members until death). After excluding 302 members for lack of personal identification
information, an overall standardized incidence ratio (SIR) of 0.86 (95% C.I. = 0.75-0.97) was
found (236 cases). The overall incidence for al cancer sites was also lower than expected, SIR
0.95 (95% C.I. = 0.89-1.01) but the incidence of mesothelioma (SIR 4.05, 95% C.I. = 1.75-7.97)
and oral cavity/pharyngeal cancers (SIR 1.75, 95% C.I. = 1.02-2.80) were significantly increased.
Prior to the 1970s Finnish drivers trained for 2 years in railroad workshops, where significant
exposure to asbestos occurred routinely during steam engine maintenance, with little, if any, diesdl
exposure. Only drivers working after this period had the potential for substantial exposure to
diesdl exhaust, and the eectrification of the railroad in the 1970s and 1980s may also have
reduced the proportion of the cohort’s person-years that truly reflect exposure to diesel exhaust.
No data on smoking within the cohort were available, though a cross-sectional study of
locomotive driversin 1976 showed that the prevalences of current smokers (40%), ex-smokers
(34%), and never-smokers (26%) were similar to those in the Finnish population as awhole.

All three population-based case-control studies found elevated risks for lung cancer in railroad
workers (Williams et al., 1977; Boffetta et al., 1988; Swanson et al., 1993); however, only the
study by Swanson et al. (1993) found a statistically significant increase, with a smoking-adjusted
OR of 2.4 (95% C.I. = 1.1-5.1) for workers with ten or more years of employment. This study
also found evidence of a significant exposure-response relationship for the 67 cases observed in
white railroad workers. Williams et al. (1977) and Boffetta et al. (1988) had relatively fewer
railroad workers (12 and 14 cases respectively) and no information on duration of exposure.
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In the railroad industry-based studies, three of the larger studies identified statistically significant
increasesin relative risk (Howe et al., 1983; Garshick et al., 1987a; Garshick et al., 1988). The
large cohort reported on by Howe et al. (1983) found elevated risks for individual s categorized as
“probably” and “possibly” exposed to diesdl exhaust, but without adjustment for smoking or
duration of employment, the underlying risk is uncertain. In both the case-control and cohort
studies by Garshick et al., 1987a, 1988), significantly increased risks were associated with long-
term employment in diesel-related railroad jobs. Both studies had substantial exposure
assessment, sufficient latency, and duration of employment data, and the case-control
investigation also controlled for potential confounding by smoking and by asbestos exposure. In
contrast, the study by Nokso-Koivisto et al. (1994), found no increase in lung cancer risk among
Finnish locomotive engineers, though the description of the cohort indicates the earlier cases were
unlikely to have experienced any diesel exposure.

6.2.1.5 STUDIES OF ANY DIESEL EXHAUST EXPOSURE

Several occupational mortality studies investigating the association between lung cancer risk and
occupation have indirectly linked either diesel exhaust or diesel-related occupations to increased
cancer risk. However, many of these studies are small and therefore have low statistical power.
For example, in a case-control registry study of oat cell carcinoma, Wegman and Peters (1978)
found an increase in risk associated with employment as a transportation equipment operative
(nine cases). Smoking and occupational histories were obtained by next-of-kin interview;
however, smoking-adjusted risk was not estimated since amost all cases and controls smoked. In
another registry study in New Mexico, Lerchen et al. (1987) obtained personal interviews with
506 patients and 771 controls, both males and females. The number of cases of those reporting an
occupation with diesel exhaust was seven, which was aso too small for significant inference.

A death-certificate-based study by Coggon et al. (1984) on all maesin England and Wales under
age 40 dying of lung cancer between 1975 and 1979 found elevated risks for all diesel exhaust-
related occupations (OR = 1.3; 95% C.I. = 1.0-1.6). A job-exposure matrix was devel oped based
on occupations as listed on the death certificates -- within the matrix, exposures were graded as
high, low or none. Of the 172 cases assigned to diesel-exposed occupations, 32 were considered
to have had high exposure, compared to 57 controls, for an OR of 1.1 (95% C.I. =0.7-1.8). Ina
smilar, larger death certificate study, Magnani et al. (1988) investigated 31,925 lung cancersin
British men ages 15-64 during 1970-72. For al diesel exhaust exposure grades combined, the
SMR was 1.07 (95% C.1. = 1.04-1.10). Adjusting for social class decreased the SMR to

0.97 (95% C.I. = 0.94-0.99). No data on smoking were available in either of these studies.

Siemiatycki et al. (1988) conducted a case-referent study of 3,726 Canadian cancer patients, with
aresponse rate of 82%. The authors found that diesel exhaust exposure was associated with
sguamous cell carcinoma of the lung (n =81) (OR =1.2; 90% C.I. = 1.0-1.5). When these cases
were stratified further by high- and low-exposure categories together with longer and shorter
duration, there were no statistically significant results. Reported results were adjusted for
smoking, age, socioeconomic status, ethnic group, and blue/white collar job history.
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Only afew studies have been reported from other industries in which workers are potentialy
exposed to diesel exhaust. Bender et al. (1989) conducted an occupational cohort mortality
investigation of Minnesota highway maintenance workers. Among the 4,849 eligible men
employed (for at least one day) between 1945 and 1984, asignificantly decreased risk of death
due to lung cancer was observed (SMR = 0.69, 95% C.I. = 0.52-0.90). The cohort aso had
significantly lower than expected mortality from al causes (SMR = 0.91, 95% C.I. = 0.86-0.96)
and from al cancers (SMR = 0.83, 95% C.I. = 0.73-0.94). Information on smoking was not
available.

Kauppinen et al. (1993) investigated engine exhaust as one of several chemicals woodworkers
were exposed to in Finland. In anested case-control study of a previous woodworking cohort,
136 cases diagnosed between 1957 and 1982 were matched to 408 controls. An elevated risk was
found for engine exhaust (exposuresto diesel exhaust could not be segregated from those to
gasoline) with a smoking-adjusted OR for any exposure of 1.70 (90% C.I. = 0.55-5.20), which
increased in the subset exposed for more than five years (OR = 2.21, 90% C.1. = 0.65-7.48).
However, the overall number of cases with potential diesel exposure was small (n = 11).

6.22 META-ANALYSISON THE RELATIONSHIP BETWEEN OCCUPATIONAL
EXPOSURE TO DIESEL EXHAUST AND LUNG CANCER

A meta-analysis was conducted to summarize and help interpret the published reports examining
the relationship of lung cancer and exposure to diesel exhaust (See Appendix C). A meta-analysis
systematically combines the results of previous studies in order to generate a quantitative
summary of abody of research and to examine the sources of variability among studies (for
review see Petitti, 1994). The variability, or heterogeneity, of results among studies may exist due
to numerous factors, including differences in study design, exposures experienced by study
subjects, methods and accuracy of exposure ascertainment, length of follow-up, and control of
confounders (such as smoking).

As described in Appendix C, 30 studies, contributing atotal of 39 effect estimates, were utilized
in the meta-analysis. The pooled relative risks for lung cancer from al 39 risk estimates combined
varied with the statistical model used, 1.04 (95% C.I. = 1.02-1.06) under the fixed-effects model
and 1.33 (95% C.I. = 1.21-1.46) with the random-effects model. However, significant evidence
of heterogeneity was found (DerSimonian and Laird Q-statistic = 214.59, 38 d.f., p<0.001]).
Heterogeneity in this context refers to large between-study variability. The presence of
heterogeneity undermines the validity of the pooled estimates, and suggests the need for
additional analysis to identify the sources of heterogeneity. Asdiscussed in detail in Appendix C,
thisinvolved deriving pooled estimates for a variety of subsets of the reports.

Through subset analysis, several factors were identified which strongly influenced both the
magnitude and the degree of heterogeneity of the pooled risk estimates: (1) whether or not a
study adjusted for smoking, (2) study design (3) the exposure assessment, as developed from
occupational categories, (4) the presence of selection bias, as manifested by an observed “ healthy
worker effect”, and other study characteristics (See Appendix C). By dtratifying the meta-analysis
on whether the risk estimates accounted for smoking, the effect of failure to control for
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this exposure on the pooled estimate became readily apparent. Not only did the positive
association between diesel-exhaust exposure and lung cancer persist, but the pooled risk estimate
increased to 1.43 (95% C.I. = 1.31-1.57, random-effects model) with little evidence of
heterogeneity among the 12 studies controlling for smoking.

The case-control studies (15 included in the meta-analysis) gave a summary estimate of 1.44
(95% C.I. = 1.33-1.56), again with little evidence of heterogeneity, while the estimate based on
the results of the cohort studies remained heterogeneous. The lower pooled RR estimate and
substantial heterogeneity obtained from the cohort subanalysis was probably due at least in part to
failure to adjust for smoking, as only one of sixteen cohort studies controlled for this confounder,
while most case-control studies did (11 of 14 studies, accounting for 17 of the 20 case-control
risk estimates).

The “healthy worker effect” (HWE - here based on significantly lower than expected all-cause
mortality) is a manifestation of selection bias related to hiring and retention of workers who are
typically healthier than the general population, resulting in spuriously lower risk estimates for a
variety of illnesses, including those potentialy related to occupational exposures. Subsetting the
cohort studies into those with and those without an obvious healthy worker effect markedly
reduced the degree of heterogeneity in the group without the HWE (Q-statistic = 11.190, 9 d.f., p
=0.27), and produced an increase in the magnitude of the pooled relative risk (RR = 1.52, 95%
C.l. = 1.36-1.71-1.78, random-effects model). In contrast, those studies whose results were
characterized by the presence of a HWE continued to show substantial heterogeneity, and the
pooled risk estimates declined. Thus, selection biasis likely to have played arolein the
heterogeneity observed among the cohort studies. Selection bias results from choosing a study
sample that is not representative of the entire population that could have been studied, and can
distort the measure of effect (e.g., relative risk or odds ratio) (Rothman 1986).

With respect to exposure assessment, statistically significant pooled estimates of elevated risk
lacking evidence of heterogeneity were identified in several occupational subgroup analyses, both
with and without additional stratification for smoking. Prior to stratifying by adjustment for
smoking, the occupational subgroups involving trucking (pooled RR = 1.47, 95% C.I. = 1.33-
1.63), the railroad industry (random-effects pooled RR = 1.45, 95% C.I. = 1.08-1.93), mechanics
and garage workers (random-effects pooled RR = 1.35 (95% C.I. = 1.03-1.78), generd
transportation and professional drivers (random-effects pooled RR = 1.45, 95% C.I. = 1.31-1.60)
gave risk estimates greater than the overall pooled risk estimate. The pooled RR estimates for
trucking and general transportation and professiona drivers showed little to no evidence of
heterogeneity; however, estimates for the railroad industry demonstrated considerable
heterogeneity (Q statistic = 30.90, p<0.001).

Further stratification of the occupational subgroup analysis by adjustment for smoking produced a
large impact on the pooled risk estimates, with all smoking-adjusted subgroup estimates
displaying little evidence of heterogeneity and leading to increased risk estimatesin all but one of
the occupational categories. Pooled risk estimates by occupation in smoking-adjusted studies
showed little evidence of heterogeneity for several occupations under both models, including
truck drivers (random-effects pooled RR = 1.53, 95% C.I. = 1.20-1.94), railroad workers
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(random-effects pooled RR = 1.68, 95% C.I. = 1.28-2.19), and diesel mechanics and garage
workers (random-effects pooled RR = 1.25, 95% C.I. = 0.87-1.80). The pooled estimates for the
heavy equipment operators and dock workers and for the raillroad industry studies adjusting for
smoking displayed the most dramatic changes relative to the occupational analysis without
smoking stratification. Among the former subgroup, the pooled risk estimate changed from 1.28
(random-effects model, 95% C.1. = 0.99-1.66) to 2.43 (95% C.I. = 1.21-4.88). Among the
railroad industry studies, the pooled risk estimate also increased substantially (from 1.45 to 1.68,
95% C.I. = 1.28-2.19). In both subgroups, the pooled smoking-adjusted estimates showed little
evidence of heterogeneity, though these estimates were based on two studies in the former
instance and three in the latter. However, the other two heavy equipment operator and dock
worker studies and the other three railroad industry studies that were not adjusted for smoking
still displayed evidence of heterogeneity (Q-statistics = 2.933, 1 d.f., p =0.09, and 21.517, 2 d.f.,
p<0.001, respectively).

The meta-analysis also identified evidence of exposure-response relationships in the subgroup
analyses based on duration of employment. However, as noted in Appendix C, this analysis was
hampered by the absence of duration-specific risk estimates in approximately one-half the studies.
While the initia analysis conducted on all the included studies resulted in elevated pooled risk
estimates for strata in which exposure durations were greater than 10 years relative to those with
less than 10 years of exposure or for which the exposure durations were not clear from the
published reports, there was still significant evidence of heterogeneity for several of the duration
strata. In contrast, the analysis utilizing only estimates from the smoking-adjusted studies showed
some evidence of an exposure-response gradient without evidence of statistical heterogeneity.
The summary risks for all three exposure-duration stratawere: RR = 1.39 (95% C.I. 1.19-1.63)
for < 10 years (based on three estimates from two studies), RR = 1.64 (95% C.I. = 1.40-1.93) for
10 < to < 20 years (11 estimates from 6 studies), and RR = 1.64 (95% C.I. = 1.26-2.14) for > 20
years (four estimates from four studies). The pooled risk estimate for those studies for which the
exposure duration was not clear in the published reports was 1.24 (95% C.I. = 1.00-1.54) (six
estimates from four studies) (see Table C-4 in Appendix C).

These results were robust to a variety of sengitivity analyses. In an analysis of potential
publication bias, however, there appeared to be a modest increase in the RR estimates with
increasing sample size (reflected in a decreased standard error of the estimates). Publication bias,
or the increased likelihood or preference for the publication of statistically significant results
compared to nonsignificant or null results, may potentialy distort pooled risk estimates.
Publication bias is generally attributed to journa editorial policies that prefer “positive”’ results, so
that small, statistically nonsignificant studies are less likely to be published than large, statistically
nonsignificant studies (Greenland, 1994). However, it should be noted that the studies with the
smallest standard errors were almost exclusively cohort studies that did not adjust for smoking
and which also had a clear HWE, suggesting that other significant biases are likely to have played
arolein creating an appearance of publication bias. Therefore, although publication bias cannot
be ruled out, the inclusion of numerous studies of varying sample sizes and statistically
insignificant findings, as well as the uncontrolled confounding and likely selection bias affecting
many of the larger cohort studies, make it unlikely that the result of this meta-analysis can be
completely explained by publication bias.
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In summary, the meta-analysis indicated a consistent positive association between occupations
involving diesel exhaust exposure and the development of lung cancer. Although substantial
heterogeneity existed in the initial pooled analysis, stratification on severa factors identified a
persistent positive relationship. The major sources of heterogeneity included: (1) whether or not
a study adjusted for smoking, (2) study design (3) the exposure assessment, as developed from
occupational categories, (4) and the presence of selection bias, as manifested by an observed
healthy worker effect. Taking these factors into account tended to increase the estimates of
relative risks of lung cancer from occupational exposure to diesel exhaust.

Another independently conducted meta-analysis of diesel exhaust exposure and lung cancer
produced remarkably similar results, with an overall pooled relative risk estimate of 1.33 (95%
C.l.=1.24-1.44) (Bhatiaet al., 1998). Inthat analysis, the study inclusion and exclusion criteria
were somewhat different than those used by OEHHA staff, so that 23 studies were included.
Consequently, the results of some of their subset analyses differed from those described in
Appendix C. In addition, those authors used only a fixed-effects model to derive pooled risk
estimates, and did not focus on explorations of sources of heterogeneity. Nevertheless, Bhatia
and co-workers also found a persistent positive relationship between diesel exhaust exposure and
lung cancer that could not be attributed to potential confounding by cigarette smoking.
Moreover, in the narrower group of studiesin their report, they identified a positive exposure-
response relationship in studies stratified by exposure duration.

6.2.3 REVIEW OF BLADDER CANCER STUDIES

A number of studies have considered the possibility of alink between diesel exhaust exposure and
bladder cancer. Such alink is plausible, given the fact that cigarette smoking is a well-established
cause of bladder cancer, and tobacco smoke and diesel exhaust both contain recognized
carcinogenic constituents.

A population-based study of bladder cancer drew 480 male and 152 female matched case-control
pairs from three Canadian provinces (Howe et al., 1980). The relative risk estimate for self-
reported exposure to either diesel or traffic fumes was 2.8 (95% C.1. = 0.8-11.8) based on 11
cases compared to 4 controls. An elevated relative risk estimate was also found for railroad work,
9.0 (95% C.I. = 1.2-394.5), based on 9 cases. Although smoking data were collected by the
investigators, smoking-adjusted RRs were not reported for these specific subgroups.

In the retrospective cohort study of 43,826 male pensioners of the Canadian National Railway
Company described above (section 6.2.1.4), Howe et al. (1983) found no excess of deaths due to
bladder cancer. Of the 17,838 deaths occurring among the retired railroad workers between 1965
and 1977, 175 were due to bladder cancer compared to the 170 expected from the national
Canadian death rates (SMR = 1.03; 90% C.I. = 0.91-1.17).

In a population-based case-control study employing 303 white male cases and 296 controls,
Silverman et al. (1982) examined the relationship between occupation and bladder cancer in
Detroit. The Detroit area has had one of the highest rates of white male bladder cancer mortality
in the United States. Data on smoking habits were available. Of the 56 occupations for which
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ORs were calculated, having ever been employed as a “truck driver” (42 cases and 18 controls)
was the only one for which the lower 95% confidence limit exceeded unity (smoking unadjusted
OR =25[95% C.I. = 1.4-4.4] and adjusted OR = 2.1 [no C.I. presented]). In asmaller group of
subjects reporting truck driving as a*“usual” occupation (11 cases and 2 controls), a higher
smoking-adjusted risk was observed (OR = 5.4, [no C.I. presented]). An exposure-response
relationship between increasing duration of employment as atruck driver and risk for bladder
cancer was aso found (<10 years. OR = 1.4, [no C.I. reported], for 23 cases and 15 controls; 3
10 years: OR =5.5[95% C.I. = 1.8-17.3], for 16 cases and 3 controls with 3 cases excluded due
to lack of duration data; c? test for trend: p = 0.004). The association was greatest for
employment as atruck driver after 1950 (OR = 6.5 with 7 cases and 1 control), while risks for
earlier decades were lower, and no consistent trend prior to 1950 was observed. Wynder et al.
(1985) have suggested that, because truck drivers spend a large proportion of their time on the
road, they may have been under-represented among the controls, and this may have accounted for
the observed associations.

Subsequent to the finding that truck driving was associated with an elevated risk for bladder
cancer, Silverman et al. (1982) re-interviewed cases (36 of 42) and controls (16 of 18) who had
indicated in their initial interview that they had been truck drivers. After asking more diesel-
specific questions, thirteen cases and one control reported operating vehicles with diesel exhaust,
resulting in a smoking-adjusted RR for “diesel-exposed” truck drivers of 11.9 (95% C.I = 2.3-
61.1), when the unexposed group consisted of those who had never been employed as truck
drivers. However, only aminority of the cases (n = 5) had actually driven diesdl trucks. The
majority of the self-reported diesel exposure occurred while operating other vehicles (i.e.
mechanic, engineer, deliveryman, bus driver, and end loader).

To test the hypothesis of an association between diesel exhaust exposure and bladder cancer
raised in their Detroit study, Silverman et al. (1986) analyzed data for 1,909 white male bladder
cancer cases and 3,569 controls drawn from all ten centersin the National Bladder Cancer Study
using cancer registries throughout the United States. The study identified 488 cases and 742
controls who had ever had employment as a truck driver or deliveryman, giving an age- and
smoking-adjusted relative risk for bladder cancer of 1.3 (95% C.I. = 1.1-1.4). The 99 cases and
123 controls who reported truck driver or deliveryman as their usual employment had a RR of 1.5
(95% C.I. = 1.1-2.0). Increasing duration of employment as a truck driver or deliveryman
correlated significantly with increasing risk. For <5, 5-9, 10-14, 15-24 and 25+ years, the RRs
(with numbers of cases and controls, 7 cases and 10 controls with unknown smoking history
and/or duration of employment excluded) were 1.1 (208,379), 1.3 (102,148), 1.7 (58,65), 2.2
(59,52) and 1.1 (54,88), respectively (test for trend: p<0.001). Although in this analysisthe
longest duration of employment (25+ years) was not associated with increased risk, a monotonic
increase in RR for increasing employment duration was found when the analysis was restricted to
those who had been first employed as a truck driver at least 50 years prior to diagnosis.

Wynder et al. (1985) carried out a hospital-based bladder cancer case-control study using 194

male cases and 582 controls. Classification of exposure to diesel exhaust was based upon self-
reported usual occupation. The age- and smoking-adjusted OR for usua employment in an
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occupation with exposure to diesel exhaust was 0.87 (95% C.1. = 0.47-1.58) with 16 cases and 50
controls classified as exposed. The OR for usua employment as a bus or truck driver was 0.90
(95% C.I. = 0.44-1.87) with 10 cases and 33 controls, and for employment as a railroad worker
2.0 (95% C.I. = 0.34-11.61) with 2 cases and 3 controls. This study lacked detailed employment
histories and contained only small numbers of cases and controls usually employed in occupations
associated with diesel exposure.

Another hospital-based study by lyer et al. (1990), involving 136 cases and 272 controls, found a
weak association between bladder cancer and any diesel exhaust exposure, whether based on
occupation (n = 32) or self-reported diesel exhaust exposure (n = 9), with a smoking-adjusted OR
of 1.06 (95% C.I. = 0.64-1.76). Analysis by occupation based on “possible” (19 cases) or
“probable” (13 casesincluding 4 truck or delivery drivers) exposure also found no significant
associations, with smoking-adjusted ORs of 1.11 (95% C.I. = 0.60-2.08) and 0.86 (95% C.I. =
0.41-1.81), respectively.

In a hospital-based case-control study in Argentina, Iscovich et al. (1987) investigated the reasons
for a high incidence of bladder cancer. The 117 cases, paired to both 117 neighborhood and 117
hospital controls, were interviewed regarding smoking and drinking habits and occupational
exposures. Although the major risk factors were found to be cigarette smoking and coffee
drinking, the combined category of truck and railway drivers showed a significant association with
bladder tumors. With 20 cases, 5 hospital and 4 neighborhood controls, the odds ratio for the
two occupations combined was 4.31 (p<0.005). All truck driver cases were cigarette smokers,
while the mgjority of controls either did not smoke or smoked considerably less (< half-pack per
day), making it difficult to separate the effects of smoking from occupational exposures. The
report does not mention the extent to which subjects in these two occupations were exposed to
diesdl exhaust.

A Canadian case-control study of occupation and bladder cancer included 826 cases diagnosed in
the provinces of Alberta and Ontario during 1979-82, matched to 792 randomly selected
population controls (Risch et al. 1988). Only 67% of digible cases and 53% of digible controls
were interviewed. The investigators found a significantly increased risk for the 309 men ever
having had jobs involving contact with traffic or diesel fumes, after adjusting for cumulative pack-
years of smoking (OR = 1.53, 95% C.I. = 1.17-2.00). A dightly higher increase in risk was found
for the subset (approximately half) employed for at least sx months in the period 8 to 28 years
prior to diagnosis (i.e., with a minimum latency period of eight years) (OR = 1.69, 95% C.I. =
1.24-2.31).

In a population-based case-control study of 256 male urothelial cancer cases diagnosed in 1985-
87 in Stockholm, Steineck et al. (1990) found a RR estimate of 1.7 (95% C.1. = 0.9-3.3)
associated with diesel exposure, after adjustment for smoking and birth year. Further classifying
each subject’ s exposure as low, moderate or high, and accounting for duration and intensity of
exposure, failed to identify a significant association with diesel exhaust (moderate and high
exposure RR =1.1, 95% C.I. = 0.3-4.3).
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6.24 CAUSAL INFERENCE FOR DIESEL EXHAUST EXPOSURE AND
LUNG CANCER

The results of the epidemiological analyses imply that occupationa exposure to diesel exhaust is
associated with an increased risk of developing lung cancer. While some recent reviews have
come to similar conclusions (U.S. EPA, 1994, Health Effects Institute, 1995, World Health
Organization, 1996, Boffetta et al., 1997), others have not (Stéber and Abel, 1996; Muscat and
Wynder, 1995; Morgan et al. 1997). The evidence for an association between diesel exhaust
exposure and bladder cancer is considerably weaker. This section deals with the evidence for
causality in the association between diesel exhaust and cancer of the lung. The following criteria
for causal inference are considered: (1) the consistency of the findings; (2) the strength of the
associations; (3) the possibility that findings are due to bias; (4) the likelihood that findings are
due to chance; (5) evidence for exposure-response relationships; (6) temporality of the
associations; and (7) biological plausibility of acausal association.

(1) The consistency of the findings. Assummarized in Table 6.5, there is a considerable degree of
consistency in finding elevated, although not always statistically significant, lung cancer risksin
workers potentially exposed to diesal exhaust within several industries. General popul ation-based
case-control studies identified statistically significant increases in lung cancer risk for truck drivers
(Hayes et al. 1989; Swanson et al. 1993), railroad workers (Swanson et al., 1993), heavy
equipment operators (Boffetta et al., 1988), and for self-reported diesel exhaust exposure in
general (Siemiatycki et al., 1988). All of these statistically elevated estimates were adjusted for
smoking. Industry-specific studies, both of case-control and cohort design, identified statistically
elevated lung cancer risk for truck drivers (Ahlberg et al., 1981; Rafnsson and Gunnarsdottir,
1991; Guberan et al., 1992; Hansen et al, 1993), professional drivers (Benhamou et al., 1988;
Pfluger and Minder, 1994) and railroad workers (Howe et al., 1983; Garshick et al., 19873,
1988), with a minority of these studies adjusting for smoking (Benhamou et al., 1988; Pfluger and
Minder, 1994; Garshick et al., 1987a).

In order to quantitatively summarize the overall and occupation-specific risks from the body of
studies, a meta-analysis was conducted (see Appendix C). The results of this meta-analysis
indicate a consistent positive association between occupations involving diesel exhaust exposure
and the development of lung cancer. Figure 6.2.1 presents the summary risk estimates and 95%
confidence intervals for the major occupational categories, and for the subgroups of studies
stratified on adjustment for smoking, obtained from the meta-analysis. Although substantial
heterogeneity existed in the initial pooled analysis, stratification on severa factors identified a
relationship that persisted throughout various influence and sensitivity analyses. Major sources of
heterogeneity included adjustment for smoking, exposure assessment as assigned through
occupational categories, and manifestations of selection biases such as the healthy worker effect
(HWE). Another recently published meta-analysis of diesel exhaust exposure and lung cancer
found asimilar consistency supportive of a causal relationship (Bhatia et al., 1998).

(2) The strength of the associations. The relative risk (RR) estimates obtained in these studies are
generally low, with most estimates less than two. RR estimates of this magnitude potentially
weaken the evidence of causality, due to the possibility of uncontrolled confounding or other
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sources of bias producing the findings. However, RR estimates in this range are found in many
areas of medicine and, in conjunction with other components of causal inference, constitute the
basis for avariety of clinical and public health interventions to prevent or ameliorate disease. To
place the diesal-lung cancer associations in context, the following table represents estimates of
relative risk of death from cardiovascular disease in several prospective epidemiological studies:

Study Estimate of RR
British doctors 1.6
Maesin 25 states
ages 45-64 2.08
ages 65-79 1.36
U.S. Veterans 1.74
Japanese study 1.96
Canadian veterans 1.6
Males in nine states 1.70
Swedish males 1.7
Swedish females 1.3 Source: U.S. Department of Health
and Human Services
California occupations 20 (1989), p.39.

Despite the relatively low magnitude of these estimates, active cigarette smoking is widely
recognized as one of the principal causes of heart disease. Several years ago, the Centers for
Disease Control estimated that 156,000 deaths/year were due to heart disease caused by cigarette
smoking. Similarly, several large national reviews of the evidence have concluded that
environmenta tobacco smoke (ETS) exposure causes lung cancer in nonsmokers, even though
most pooled RRs are in the range of about 1.2 to 1.9 (National Research Council, 1986; U.S.
Department of Health and Human Services 1986; National Institutes of Health 1993). In other
words, “weak associations’ in epidemiology can and have been used repeatedly as a basis for
causal inference.

The vast mgjority of studies reviewed here indicated a positive association between lung cancer
and occupational exposure to diesel exhaust. While many of the studies presented multiple
estimates of relative risk, 23 of the 40 studies summarized in Table 6-5 contained at least one
estimate described as statistically significant or as having a confidence interval whose lower bound
exceeded unity. Severa studies which accounted for at least one of the two principal
confounders, smoking and exposure to asbestos, found significantly elevated risks, especialy after
longer-term exposures (Garshick et al., 1987a; Garshick et al. 1988; Gustavsson et al., 1990;
Hayes et al., 1989; Swanson et al., 1993). Additionally, the quantitative summary provided by
the meta-analysis demonstrated not only that the increases in lung cancer risk remained after
stratification by smoking or occupation, but in severa instances increased. For
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example, the pooled relative risk for railroad workers increased from 1.45 to 1.68 (95% C.I. =
1.28-2.19) when only smoking-adjusted risk estimates were considered.

(3) The possihility that findings are due to bias. In evaluating these results, one needs to consider
confounding, information bias and selection bias. The two most likely confounding exposures are
cigarette smoking and asbestos exposure. The importance of controlling for cigarette smoking is
demonstrated clearly in the meta-analysis, in which this was a major factor contributing to the
heterogeneity among studies. Among those studies that did adjust for this confounder, there
remained statistically elevated risks of lung cancer, regardless of occupation. By stratifying the
risk estimates in the meta-analysis on whether the studies adjusted for cigarette smoking, the
effect of faillure to control for this exposure on the pooled estimates became readily apparent. Not
only did the positive association between diesel-exhaust exposure and lung cancer persist, but the
pooled risk estimate increased to 1.43 (95% C.1. = 1.31-1.57), with little evidence of
heterogeneity among the smoking-controlled risk estimates. The meta-analysis of Bhatia et al.
(1998) and the review of epidemiological studies by the Health Effects Ingtitute (1995) also found
that the increased relative risks of lung cancer were unlikely to be explicable by uncontrolled
confounding by cigarette smoking. Others have asserted a contrary view (Stober 1996,
McClellan 1989). It has been asserted that control of confounding by smoking that involves
dichotomous classification of smoking status or even the use of pack-years as an indicator of
exposure are both inadequate and will allow for residual confounding (Muscat 1996). Because
smoking is the dominant risk factor for lung cancer, misclassification of this exposure could result
in residual confounding. Since much of the information about the study subjects’ cigarette
smoking was obtained from proxy respondents (primarily spouses), some misclassification
probably occurred. However, the effects of any consequent residual confounding are likely to
have been diminished substantialy by the more extensive measurement error related to assessment
of exposure to diesel exhaust. Thus, even if thereisresidua confounding related to measurement
error for cigarette smoking, it islikely to be of small magnitude (Kelsey et al. 1996).

While asbestos exposure was less common in these study populations, statistical control for this
confounder did not eliminate the elevated risk of lung cancer. For example, one study that
provides detailed analyses accounting for possible confounding effects of both smoking and
asbestos exposure is that of Garshick et al. (1987a), which examined a large number of railroad
employee deaths (1,256 cases, each matched by sex, age and time of death with two controls).
Adjusting for smoking and asbestos exposure resulted in an OR of 1.41 (95% C.I. = 1.06-1.88).
In additional analyses using only those workers for whom the investigators had detailed smoking
data (n = 758), the ORs for 20 yr of diesel exposure ranged from 1.50-1.53, adjusted for asbestos
exposure and severa alternative specifications of cigarette smoking history. These models
included pack-years as a single continuous variable, as two independent variables (cigarettes per
day and years of smoking), or as a categorical variable classified in terms of the number of years
the study subject had stopped smoking prior to death. The findings with respect to an association
of diesal exposure with lung cancer were robust to model specification, suggesting that
confounding by cigarette smoking is unlikely to explain these results. Steenland et al. (1990) also
found that adjustment for both smoking and asbestos exposure did not eliminate elevated lung
cancer risks for long-haul truck drivers.
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Diet is another potential exposure that may confound the dieseal-lung cancer association among
truck drivers. Because long-haul truck drivers tend to be away from home for days at atime, they
tend to eat more restaurant meals consisting of fewer fresh fruits and vegetables than the genera
population, resulting in alower intake of potentially anti-carcinogenic micronutrients (Wynder
and Miller, 1988). While this may be true of long-haul truck drivers, it is not clear that this
exposure would be likely to confound al the other diesel-lung cancer associations noted above.

Information bias in these studies predominantly concerns exposure misclassification, which isa
common potential problem across al of the studies of cancer and diesel emissions. In nearly all
studies, exposure was assigned on the basis of job classification (sometimes just the usual
occupation or last job held at retirement). Data on job classification were obtained through
company or union records, questionnaires administered to study subjects or their surviving
relatives, census or cancer registry data, death certificates or a combination of these sources.
Occasionally questions posed to the study subjects or their surrogates focused specifically on
diesel exhaust exposure (e.g., Steenland et al. 1990), which might result in “recall bias’, which
occurs when those who have a disease might be more strongly motivated to remember (or even
confabulate) potential etiologic exposures (see below). However, most questionnaires asked
about the study subjects’ job histories, which formed the basis for subsequent assignment of
exposure by the study investigators. In these instances, and in those in which job histories were
based on existing records, the likelihood of systematic recall bias with regard to occupational
diesal exposureis small.

In no case were there direct measurements of diesel exposure of the cohort dating back over the
study subjects’ working lives. Garshick et al. (1987a; 1988) and Woskie et al. (1988a; 1988b)
attempted to characterize the degree of diesel exposure by job group in their lung cancer studies.
However, they were unable to obtain adequate data on historical exposures (Woskie et al.,
1988b). The presence of misclassified exposures in the studies would tend to bias relative risk
estimates towards unity (i.e., towards the null hypothesis of no effect), since exposure
misclassification is unlikely to be influenced by whether or not a worker gets cancer. Hence,
while exposure misclassification clearly occurs in studies such as these, the result of random
misclassification is to underestimate, rather than spurioudly elevate, risk estimates. Thereisno
reason to expect any systematic or differential misclassification of railway workers.

Recall biasin next-of-kin interviews could, however, produce systematic misclassification of
exposure to diesel exhaust to the extent that more relatives of lung cancer patients than those of
controls might have preferentially considered this exposure to be carcinogenic. The
overwhelming majority of studies obtaining interview-based data were case-control studies,
severa of which utilized cancer controls, which would tend to decrease the potential for
differential misclassification by disease status of any diesal-related exposure variables (usualy
occupation title and employment duration). By comparison, the majority of cohort studies relied
on tabulated data (e.g. census data, death certificates, job records) to establish occupational
history, and would not be susceptible to recall bias. Lung cancer risk estimates available for
railroad workers were derived from both cohort and case-control studies. Two of the three
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raillroad case-control studies utilized cancer controls (Swanson et al., 1993; Williams et al., 1977)
while the third determined diesel exposure by job group (Garshick et al., 1987a).

Selection bias may aso play arolein helping to explain the findings of the case-control versus the
cohort studies. The healthy worker effect is aform of selection bias, which occurs because
people who are relatively healthy are more likely than the general population to obtain
employment and to stay employed. Although there are various ways to try to account for this
bias, they cannot eliminate the original bias introduced by the selection of healthy people into the
workforce. In the studies included in this document, the healthy worker effect is manifested,
particularly in cohort studies using the general population as the comparison or reference group,
by decreased estimates of risk for a variety of outcomes. The healthy worker effect explainsin
part the lower estimates obtained in the cohort studies relative to the case-control investigations
reviewed in this document, and was identified in the meta-analysis as one of the principa sources
of heterogeneity in the results of the cohort studies. For example, among the cohort studies with
aclear HWE (evidenced by lower than expected all-cause mortality), the pooled diesel-related
risk estimates was 1.06, with serious heterogeneity, while for those cohort studies that did not
demonstrate a HWE, the pooled risk estimates (under the fixed- and random-effects models)
increased to 1.49 and 1.52.

(4) The probability that findings are due to chance. Most studiesin Table 6.5 showed an
increased risk, though these results were not all statistically significant. Table 6.5 outlines the
studies which tested the association between diesal-related occupations and lung cancer, and is
divided into studies of truck drivers, transport and heavy equipment workers, dock workers, and
railway workers. It can be seen that, with the possible exception of the transport and heavy
equipment workers, there is a consistent tendency for point estimates of relative risk to be greater
than unity in the studies that accounted for smoking, had an adequate follow-up period, duration
of employment, and sufficient statistical power. If these findings were due to chance, one would
expect amore nearly equal distribution of point estimates of risk above and below unity.

(5) Evidence for exposure-response relationships. An obvious issue with the maority of
occupational studies examining the association between diesel exposure and lung cancer isthe
lack of quantitative information on diesel exposure. The mgority of reported studies rely on job
descriptions as a surrogate for exposure status, with only alimited number addressing diesel
exhaust specificaly. In the studies with sufficient sample size and duration of employment data,
several within various occupationa categories found significant elevated risks associated with the
subgroup having the longest duration of employment, including truck drivers (Hayes et al., 1989;
Steenland et al., 1990; Swanson et al., 1993), transportation or heavy equipment operators
(Wong et al., 1985; Gustavsson et al., 1990), dock workers (Emmelin et al. 1993), and railroad
workers (Garshick et al, 1987a; Garshick et al., 1988; Swanson et al., 1993).

Several studiesin which exposure-response relationships were identified invol ved more thorough
attempts by the investigators to examine potential exposures of the study populations, including
the two railroad studies by Garshick et al. (1987a; 1988) and, to a lesser extent, the study by
Howe et al. (1983). Two other industry-based studies that developed cumulative diesel-exposure
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indices retrospectively also found some evidence of an exposure-response trend, specifically
Gustavsson et al., (1990) in transportation workers and Emmelin et al., (1993) in dock workers.

After adjusting for smoking and asbestos exposure in their lung cancer case-control study,
Garshick et al. (19874) found that workers aged less than 64 years (the group with the greatest
opportunity for exposure to diesel exhaust) had an OR of 1.64 (95% C.l. = 1.18-2.29) associated
with 3 20 years of diesel exhaust exposure, and 1.02 (95% C.I. = 0.72-1.45) associated with 5-19
years of exposure. In their retrospective cohort study (which did not control for potential
confounding by smoking) Garshick et al. (1988) found a RR of 1.72 (95% C.I. = 1.27-2.33) for
lung cancer associated with > 15 years of exposure to diesel exhaust, while for 10-14 years the
RR was 1.32 (95% C.I. = 1.13-1.56), for 5-9 yearsit was 1.24 (95% C.I. = 1.06-1.44) and for 1-
4years 1.20 (95% C.I. = 1.01-1.44).

Although no information on smoking status was available, Howe et al. (1983) found significantly
increased RRs for lung cancer in workers retrospectively classified by their last reported job
category as either “probably exposed”, RR = 1.35 (p<0.00l), or “possibly exposed’, RR = 1.20 (p
= 0.013), as compared to those workers considered “non-exposed” to diesel exhaust. The
authors considered these broad classifications to represent relative levels of diesel exposure,
which yielded a significant test for trend (p<0.001) for increasing risk with increasing likelihood of
exposure.

Three of the larger general population studies reported exposure-response relationships -- the
prospective cohort study of Boffetta et al. (1988) and the case-control studies reported by
Swanson et al. (1993) and Hayes et al. (1989). Boffetta et al. (1988) found an exposure-
response relationship when diesel-exposed subjects were divided into those exposed for 1-15
years (RR = 1.05, 95% C.I. = 0.80-1.39) versus 16 or more years (RR = 1.21, 95% C.I. = 0.94-
1.56) (c?test for trend: 0.05< p <0.10). Thisanalysiswas based on exposure reported in self-
administered questionnaires. Hayes et al. (1989) reported a significant trend (p<0.05) between
lung cancer risk (smoking-adjusted ORs) and employment as a truck driver: OR = 1.0 for <9
years, OR = 1.4 for 10-19 years, and OR = 1.5 for 3 20 years, with only the longest duration
stratum significant (95% C.1. = 1.0-2.3). Swanson et al. (1993) reported higher smoking-
adjusted odds ratios for lung cancer among white drivers of heavy trucks. OR = 1.4 for 1-9 years,
1.6 for 10-19 years, and 2.5 for 3 20 years (test for trend p<0.05), again with the longest
duration stratum demonstrating statistical significance (95% C.I. = 1.1-4.4). This study found a
similar significant trend (p<0.05) for employment as arailroad worker: OR = 1.2 for 1-9 years
and OR = 2.4 for 3 10years(95% C.l. =1.1-5.1).

Additionally, as described above and in Appendix C, the meta-analysis identified evidence of
exposure-response relationships in the subgroup analyses based on duration of employment.
While the initia analysis conducted on all the included studies resulted in elevated pooled risk
estimates for strata in which exposure durations were greater than 10 years relative to those with
less than 10 years of exposure or for which the exposure durations were not clear from the
published reports, there was still significant evidence of heterogeneity for several of the duration
strata. In contrast, the analysis utilizing only estimates from the smoking-adjusted studies
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showed some evidence of an exposure-response gradient without evidence of statistical
heterogeneity. The only occupational subcategory that had sufficient numbers to examine the
possibility of an exposure-response trend in the pooled risk estimates was that of truck drivers, for
whom the pooled RR estimates were 2.41 (95% C.I. = 1.53-3.81) for exposure durations > 20
years (two studies), 1.51 (95% C.I. = 1.18-1.95) for exposure durations <20 years (two studies),
and 1.41 (95% C.I. = 1.27-1.58) for those studies in which the exposure duration was unknown
(three studies).

(6) Temporality of the associations. That a putative cause precede its effect(s) is a sine qua non
for causal inference (Rothman, 1986). It isin this sense that thisinformal guideline for causal
inference istypically used in epidemiology, and is clearly met in the ensemble of diesel exposure
studies. One can take consideration of appropriate tempora sequence one step further, and
address the issue of latency in the identification of potential cancer-causing agents. Most
recognized human carcinogens have a“latent” period of at least |0 years after the initial exposure
before their effects can be detected clinically, athough increased risks of certain cancers can be
identified within five years of exposure (e.g., asbestos and lung cancer). However, the latency for
most human carcinogens appears to be 20 years or more. A limitation of the epidemiological
studiesin humansis the lack of studies with many workers with well characterized exposures of
more than 25 to 30 years. Therefore, it is appropriate to consider latency when assessing the
likelihood of a causal link between exposure to a given chemica agent or mixture and a neoplastic
outcome. Most published studies of occupational diesel exhaust exposure have not meticulously
documented potential latency periods. For example, in severa studies there was a clearly
inadequate allowance for latency between the onset of the study subjects exposure and the
termination of follow-up (Decoufle et al. 1977, Kaplan, 1959; Milne et al. 1983). These studies
were omitted from the meta-analysis described in Appendix C. In many others, the extent of
latency was not clearly delineated, but this category of studies contained mixed results, with some
showing an increased risk of lung cancer and some that did not(Hayes et al. 1989, Damber and
Larsson 1987, Pfluger and Minder 1994). Finally, there were severa studies that clearly allowed
for an adequate latency period, again with a mixture of positive and null results (Garshick et al.
1988, Gustafsson et al. 1986, Steenland et al. 1990).

(7) Biological plausibility of the association. Biological plausibility is not necessary for causal
inference from epidemiological studies, since it depends on the state of knowledge of ancillary
disciplines. When present, however, supporting evidence from other scientific fields such as
toxicology can strengthen the case for a causal association between an exposure and a disease
outcome. The basic hypothesis of this review -- that occupational exposure to diesel exhaust
causes human lung cancer -- is highly plausible biologically. The evidence can be briefly
summarized as follows: (1) Diesel exhaust has been shown to induce lung and other cancersin
laboratory animal studies (Brightwell et al. 1989; Heinrich et al. 1986a; Iwai et al. 1986;
Mauderly et al. 1987a); (2) Diesel exhaust has been shown to contain highly mutagenic
substances, including polycyclic aromatic hydrocarbons and nitroaromatic compounds (Ball et al.
1990; Gallagher et al. 1993; Nielsen et al. 1996; Sera et al. 1994); (3) Diesal exhaust contains
many substances which occur in recognized complex mixtures of human respiratory carcinogens,
including cigarette smoke and coke oven emissions (IARC, 1989); and (4) Diesal exhaust contains
known and probable human carcinogens.
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6.2.4.1 CONCLUSIONS CONCERNING CAUSAL INFERENCE

The epidemiological studies concerning lung cancer risk and exposure to diesel exhaust provide
evidence consistent with a causal relationship. The many associations found between lung cancer
and diesel exposure are unlikely to be due to chance. Also, with the possible exception of the
studies that did not take smoking into account, the findings reviewed above are unlikely to be due
to confounding or bias. The results of various studies are consistent in the direction of an effect
and are even somewhat similar in magnitude of effect. Although the strength of the associationsis
weak, reporting relative risk estimates between 1 and 2, several studies show clear exposure-
response relationships. Asindicated above, this range of relative risk can serve as abasis for
causal inference aslong as other criteriaare met. The temporal relationship between exposures
and lung cancer is consistent with a causal relationship. Finaly, it is biologically plausible that
exposure to diesel exhaust would increase the risk of lung cancer. Therefore, a reasonable and
very likely explanation for the increased risks of lung cancer observed in the epidemiological
studies is a causal association between diesel exhaust exposure and lung cancer.
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Sex/Strain

Exposure

Survival

Effect/Observations

Reference

female

mae & female

golden

Exposed 7-8 hr/d, 5 d/wk for 2 yrs. Diesel exhaust (DE)
generated by a 2.4L Daimler-Benz engine using European
reference diesel fuel (MMD 0.1 pum).

Exposure Groups

Group 1: clean air

Group 2: 4 mg/m® DE

Group 3: filtered DE

(N=48/group)

Exposed for 19 hr/d, 5 d/wk for 120 wks starting at 8-10 wks
of age. DE generated by unspecified 1.6L automobile engine
using European reference fuel. Average DE concentration 4
mg/m® (MMD 0.35 pm) for unfiltered exhaust flow.

Group 1 - control

Group 2 - filtered DE

Group 3 - total DE (BaP -3 ng/mg particul ate)

(N=96 per group)

Exposed for 16 hr/d, 5 d/wk for 2 yrs. DE generated by VW
Rabbit 1.5L engine using European standard fuel.
Exposure Groups:

Group 1: DE 0.7 mg/m®
Group 2: DE 2.2 mg/m®
Group 3: DE 6.6 mg/m®
Group 4: filtered DE
(same as 2.2 mg/m?® group
Group 5: filtered DE
(same as 6.6 mg/m® group)
Group 6: control - clean air

Not reported. Median
lifetime, (50% of animals
surviving), was 72 weeks
for al treatment groups.

Group 1
maes 25%
femaes 2%

Group 2
maes 33%
femaes 0%

Group 3

maes 27%

femaes 8%

Not Reported. Authors
stated that due to tan
infection significant
mortality (45%) occurred
between 10 and 12
months. Antibiotics were
used to treat the disease in
the survivors. Animals
werekilled at 6, 16, or 24
months

6-60

Tumor incidence not reported for all
groups. Groups 1-3: no lung tumors.

Group 1 - O respiratory tumors

Group 2 - O respiratory tumors

Group 3 - O respiratory tumors;
increased incidence of
bronchiole-alveolar
hyperplasiaas well as
emphysematous lesions

Authors did not report time point
specific incidence rates. Total
respiratory tumor incidence:

Group 1 and 2: not reported

Group 3: 1/207 (0.5%) nasal passage
tumors

Group 4: not reported

Group 5: 1/202 (0.5%) trachea tumor,
1/204 (0.5%) lung tumor

Group 6: 1/394 (0.25%) larynx tumor,
1/410 (0.24%) lung tumor

Heinrich et al. (1982)
In: Toxicological Effects
of Emissions from Diesel
Engines. Ed.: J Lewtas,
pp 225-242.

Heinrich et al. (1986),
JAppl Toxicol,
6(6),383-395.

and Stober (1986)

In: Carcinogenic and
Mutagenic Effects of
Diesel Engine Exhaust.
Eds: Ishinishi, Koizumi,
McClellan, and Stober,
pp 421-439.

Brightwell et al. (1989) J
Appl Toxicol, 9(1): 23-
31.
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Sex/Strain  Exposure Survival Effect/Observations Reference
male, female Exposed 20 hr/d, 7 d/wk from 6 wks through Animalskilled at 9 months Air: Pepelko and Peirano,
Jackson A 14 wks of ageto either clean air or 6 mg/m® of of age. Survival at end of male - 5/18 mice with tumors, 0.33 tumors/mouse (1983)

DE particulate. Animals were then held in clean
air until 9 months of age.

male, Exposed 8 h/d, 7d/wk from 6 wks until 12
Jackson A months of age to 12 mg/m® raw DE or clean air
male, female Parent generation was continuously exposed to
Sencar clean air or DE from weaning to sexual maturity,

and then mated. Exposure was maintained at 6
mg/m® from start to exposures through mating,
gestation, birth, and weaning. Exposure was
increased to 12 mg/m?® when offspring were 12
wks old and continued until end of study (age
15 months). Survivors were killed at that time.
The offspring were subdivided into experimental
groups. DE source was 6 cylinder Nissan engine
run on Federal Short Cycle. Particles generally O

0.1 pym

study:
Cleanair:
male - 18/20
female - 18/20
DE:

male - 16/20
female - 18/20

initial number of animals
unknown. Number of survivors:
Air - 38

DE- 44

Offspring werekilled at 15
months of age. Surviva at

end of study:

Clean air:

male - 105/130

female- 111/130

DE:
male - 101/130
female - 104/130

female - 11/18 mice with tumors, 0.66 tumors/mouse

DE:

male - 5/16 mice with tumors, 0.31 tumors/mouse
female - 6/18 mice with tumors, 0.50 tumors/mouse

(initial number of animals unknown) Air: 22/38 mice with

tumors, 0.68 tumors/mouse

DE: 11/44 mice with tumors, (p<0.1), 0.25 tumors/mouse

(p<0.001)

Actual number of animals examined for lung tumors was
not specified. Authors reported the following tumor

incidences:

Air: male - 3.8% lung tumors (3.8% adenomas)
female - 7.2% lung tumors (6.3% adenomas, 0.9%

carcinomas)

DE: males - 5.9% lung tumors (4% adenomas, 2%

carcinomas)

females - 16.3% lung tumors (p<0.05) (16.3% adenomas

(p>0.02))

JAm Coll Toxicol,
2(4):253-306.

Pepelko and Peirano,
(1983)

JAm Coll Toxicol,
2(4):

253-306.

Note: All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
Strong A Strain A pulmonary adenoma assay. Source of Pepelko and
DE: 6 cylinder Nissan engine run on Federal Peirano, (1983)
Short cycle. Particles generally < 0.1 um. JAm Coll
Toxicol,
2(4):
253-306.
Study 1: exposed 20 h/d, 7 d/wk from 6 wks Study 1: Study 1:
through 14 wks of age to 6 mg/m® raw or Air - 22/25 Air - 3/22 mice with tumors, 0.13 tumors/mouse.
irradiated DE or air (25/group). Animals were Raw DE - 19/25 Raw DE - 7/19 mice with tumors, 0.63 tumors/mouse.

then held in clean air until 9 months of age and
killed (male only)

Study 2: exposed 8 h/d,7 d/wk from 6 wks
through 36 or 44 wks of age to 6 mg/m® (male

only)

Study 3: exposed 8 h/d, 7 d/wk from 6 wksto 9
months of age to 12 mg/m® raw DE or clean air.
Exposure took place during the dark cycle.
(male and female)

Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.

Irradiated DE -22/25

Study 2:
Air - 403/429
DE - 368/430

Study 3:

Air: male - 97/108
female - 140/142
DE: mae- 111/115
female - 139/143
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Irradiated DE - 6/22 mice with tumors, 0.27
tumors/mouse.

Study 2:
Air: 73/403 mice with tumors, 0.23 tumors/mouse.
DE: 66/368 mice with tumors 0.20 tumors/mice

Study 3

Air: Males 28/97 mice with tumors, 0.32 tumorsmouse
Females - 31/140 mice with tumors, 0.23 tumors/mouse
DE: Males 13/111 mice with tumors, 0.14 tumors/mouse
Females - 9/139 mice with tumors, 0.07 tumors/mouse
(significant relative to controls, p<0.001)



Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
femae Average DE particul ate matter of 4 mg/m® for No effects observed in the upper respiratory tract. Heinrich
NMRI unfiltered exhaust flow. Exposed 19 h/d, 5 etal.

d/wk for 120 wks starting at 8-10 wks of age. (1986)

DE generated by unspecified 1.6L automobile
engine operating on the US 72 test cycle using
European reference fuel (MMAD 0.1 pm)

Group 1 - control (N=84)

Group 2 - filtered DE (N=93)

Group 3 - total DE
(3 ng BaP/mg particulate (N=76)

Group 1: 22%

Group 2: 37%

Group 3: 5%

lung tumor incidence:

Group 1
11/84 (13%) (9 benign, 2 malignant)

Group 2
29/93 (31.2%) (p<0.05) (11 benign, 18 malignant
(p<0.05 compared to control))

Group 3

24/76 (31.6%) (p<0.05) (11 benign, 13 malignant
(p<0.05 compared to control)), increased mortality
(p<0.05) [time of first tumor not reported]

JAppl Toxicol 6(6):
383-395;

Stober (1986)

In: Carcinogenic and
Mutagenic Effects of
Diesel Engine Exhaust.
Eds: Ishinishi,
Koizumi, McClelan
and Stober, pp. 421-
439.

Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
newborn Animals were exposed for 4 hr/d, 4 d/wk to 2- NR (Animals were autopsied at Lung tumor incidence: Takemoto et al
male, femae 4 mg/m® DE (BaP - 0.85 ng/mg; 1-NP - 93 3, 6, 12, 18, and 28 months) (1986) In:
C57BL/6N ng/mg) from birth to 28 months. DE 3 - 6 months: Carcinogenic and
generated by YANMAR NSA-40CE, 269 cc Control - 0/6 males and 0.6 females Mutagenic Effects of
engine (MMAD 0.32 um) DE - 0/25 males and 0/13 females. Diesel Engine
Exhaust.
7 - 12 months: Eds: Ishinishi,

Control - 0/4 males and 0/4 females
DE - 0/28 males and 0/10 females

13 - 18 months:

Control - 0/7 males and 0/12 females

DE - 3/40 (7.5%) males (2 adenomas, 1 adenocarcinoma)
and 3/39 (7.75) females (2 adenomas, 1
adenocarcinoma).

19 - 28 months:

Control - 1/17 males (1 adenoma) and 0/15 females
DE - 6/33 (18.2%) males (4 adenomas, 2
adenocarcinomas) and 5/38 (13.2%) females (4
adenomas, 1 adenocarcinoma)

13 - 28 months (males and females):
Control - 1/51 (0.02%)
DE - 17/150 (11%)

Koizumi, McClellan,
and Stober, pp. 311-
327.

Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.



Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference

newborn Exposure began within 24 hrs of birth and NR (Animals were autopsied at Lung tumor incidence: Takemoto et a

male, female continued for 28 months. Animals were 3, 6, 12, 18 and 28 months) (1986) In:

ICR exposed for 4 hr/d, 4 d/wk to 2-4 mg/m® DE 3 - 6 month: Carcinogenic and
(BaP - 0.85 ng/mg; 1-NP - 93 ng/mg. DE control - 0/24 males and 0/21 females Mutagenic Effects of
generated by YANMAR NSA-40CE, 269cc DE - 0/47 males and 0/22 females. Diesel Engine
engine (MMAD 0.32 um) Exhaust.

7 - 12 month: Eds: Ishinishi,

Note:
exhaust.
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Control - 0/19 malesand 0.17 females
DE - 0/29 males and 0/20 females.

13 - 18 month:

Control - 2/19 (10.5%) males (2 adenomas) and 1/19
(5.3%) females (1 adenoma)

DE - 3/15 (20%) males (2 adenoma, 1 adenocarcinoma)

19 - 28 month:

Control - 1/10 (10%) males (1 adenoma) and 3/12 (25%)
females (2 adenomas, 1 adenocarcinoma)

DE - 5/11 (45.5%) males (3 adenomas, 2
adenocarcinomas) and 4/11 (36.4%) females (3
adenomas, 1 adenocarcinoma)

13 - 28 months (males and females):
Control - 7/60 (12%)
DE - 14/56 (25%); p < 0.05 relative to controls

Koizumi, McCléllan,
and Stober, pp. 311-
327.

All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel



Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
female NMRI Exposure began at 7 weeks of age, and was End of treatment mortality: Lung adenoma/adenocarcinoma percent incidence Heinrich et al.

performed 18 hr/d, 5 d/wk. All exposures (1995), Inha Tox, 7:

were for 13.5 months, followed by clean air controls: 10% controls: 25%/15.4% 533-556.

for 9.5 months. A clean air control group was diesdl exhaust: 16% diesel exhaust: 21.8%/15.4%

included. carbon black: 20% carbon black: 11.3%/10%

TiO2 30% TiOy: 11.3%/2.5%
Exposure groups:
Lung adenomas and adenocarcinomas combined

1) 7 mg/m° diesel exhaust 50% mortality rate timepoints

2) carbon black (CB)(7.4 mg/m® for 4 (months): controls: 30%

months, followed by 12.2 mg/m®for 9.5 diesel exhaust: 32.1%

months) controls: 20 carbon black: 20%

3) titanium dioxide (TiO,) (7.2 mg/m?® for 4 diesdl exhaust: 19 TiOz: 13.8%

months, followed by 14.8 mg/m® for 4 months carbon black: 20

and 9.4 mg/m® for 5.5 months) TiO, 17
female NMRI Exposure began at 7 weeks of age, and was No numerical estimate givenfor  Lung adenomal/adenocarcinoma percent incidence Heinrich et al.

performed 18 hr/d, 5 d/wk, for 23 months. A
clean air control group was included.

Exposure groups:

1) 4.5 mg/m® diesel exhaust

2) The equivalent concentration of diesel
exhaust with the particulate matter removed
by filtration (particle-free diesel exhaust)

end of treatment mortality.

50% mortality rate timepoints
(months):

controls: 19
particle-free diesel exhaust: 19
diesel exhaust: 20

controls: 25%/8.8%
particle-free diesel exhaust: 31.7%/15%
diesel exhaust: 18.3%/5%

Lung adenomas and adenocarcinomas combined
controls: 30%

particle-free diesel exhaust: 46.7%
diesel exhaust: 23%

(1995), Inha Tox, 7:
533-556.

Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
femae Exposure began at 7 weeks of age, and was End of treatment mortality: Lung adenoma/adenocarcinoma percent incidence not Heinrich et al.
C57BL/6N performed 18 hr/d, 5 d/wk, for 24 months, stated. (1995), Inha Tox, 7:
followed by 6 months of clean air. A clean air controls: 55% 533-556.
control group was included. particle-free diesel exhaust: 58%  Lung adenomas and adenocarcinomas combined
diesel exhaust: 67%
controls: 5.1%
Exposure groups: 50% mortality rate timepoints particle-free diesel exhaust: 3.5%
(months): diesdl exhaust: 8.5%
1) 4.5 mg/m® diesel exhaust
2) The equivalent concentration of diesel controls: 27
exhaust with the particulate matter removed particle-free diesel exhaust: 27
by filtration (particle-free diesel exhaust) diesdl exhaust: 25
male, femae Exposure began at 17 weeks of age, and was 50% mortality rate timepoints Lung adenomas and adenocarcinomas combined Mauderly et al.
CD-1 performed 7 hours/day, 5 days/week for 24 (days) (1996), Fund Appl
months. A clean air control group was Males Tox, 30: 233-242.
included. Diesel exhaust was generated by Males controls 7/69 (10.1%)
1980 model 5.7-liter Oldsmobile V-8 engines controls 550 group 1 4/68 (5.9)
operated continuously on the U.S. Federal group 1 490 group 2 5/59 (8.5%)
Test Procedure urban certification cycle group 2 450 group 3 5/82 (6.1%)
group 3 561
Exposure groups: Females
1) 0.35 mg/m® diesel exhaust Females controls 14/88 (15.9%)
2) 3.5 mg/m° diesel exhaust controls 620 group 1 21/103 (23.3)
3) 7.1 mg/m® diesdl exhaust group 1 650 group 2 10/96 (10.4%)
group 2 600 group 3 9/104 (8.7%)
group 3 630
Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Mice (continued)
Table6.1.b. Studies of the Car cinogenicity of Diesel Exhaust by Inhalation in Mice - Data Summary.

MAY 1998

Strain (Sex) Animals/group Exposure Duration Particle Concentration ~ Total Lung Tumors Reference
(hr/d x d/wk x mo) (mg/m°) (%)
SENCAR (M) 105 8x 7 0 (clean air) 3.8 Pepelko and Peirano,
101 6.0-12.0° 5.9 (1983)
SENCAR (F) 111 8x 7 0 (clean air) 7.2 Pepelko and Peirano,
104 6.0-12.0° 16.3 (1983)
NMRI (F) 84 19x5x 26 0 (clean air) 13 Heinrich et al., (1986)
4.0° 31
76 4.0 32
C57BL/6N (M + F) 51 4x4x13-28 0 (clean air) 2 Takemoto et al., (1986)
150 4x4x13-28 20-4.0 11
ICR(M+F) 60 4x4x13-28 0 (clean air) 12 Takemoto et al., (1986)
56 4x4x13-28 20-4.0 25
C57BL/6N (F) 120 18 x 5 x 24° 0 (clean air) 5.1 Heinrich et al., (1995)
120 18 x 5 x 24° 45° 35
120 18 x 5 x 24° 45 8.5
NMRI (F) 80 18x5x 13.5° 0 (clean air) 30 Heinrich et al., (1995)
80 18 x 5x 13.5° 7.0 321
CD-1 (M) 69 7x5x24 0 (clean air) 10.1 Mauderly et al., (1996)
68 7x5x24 0.35 5.9
59 7x5x24 35 85
82 7x5x24 7.1 6.1
CD-1(F) 88 7x5x24 0 (clean air) 15.9 Mauderly et al., (1996)
103 7x5x24 0.35 5.9
96 7x5x24 35 104
104 7x5x24 7.1 8.7

& Exposure began at the weaning of the F, generation and continued through mating, pregnancy and parturition. F, generation exposure continued from
weaning to 15 months of age.

® nitial diesel particle concentration was 6 mg/m® and was increased to 12 mg/m® when the offspring were 12 weeks old.

¢ Filtered diesel exhaust at the same volume as the unfiltered diesel exhaust.
4 Exposure was followed by clean air for up to 6 months.
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¢ Exposure was followed by clean air for up to 9.5 months,



Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
male Wistar Exposure began at 18 wks of age. 6 Actual date not reported. No malignancies reported. Karagianes et al.
(SPF) hr/d, 5 d/wk for 20 monthsat O or 8.3  Authors stated survival rates (1981)
mg/m® particulate concentration. DE ~ not significantly different Only reported results at 20 month time point Am Ind Hyg
generated by 3 cylinder engine using between groups. (N = 6/group). Assoc J42:382-
2-D/DF-2 fuel (MMAD 0.71 pm). Control: 1 fibrosarcoma of the subscutis and 1 rena 391
Animalswerekilled at 4, 8, 16, or 20 lymphoma.
months (6 animal s/group/time point) 8.3 mg/m° diesel exhaust: 1 mammary fibroadenomaand 1
bronchiolar-adenoma
male 0, 0.25, 0.75, and 1.5 mg/m® Surviva not reported. No lung tumors were observed in control or trestment White et al.
Fischer 344 particul ate concentration DE for 20 groups which were examined at 9 or 15 months. No tumors  (1983) J Appl
h/d, 5.5 diwk, for 9 months, 15 were observed in controls maintained an additional 8 Tox, 3: 332 (letter
months, or 15 months followed by 8 months. Bronchoalveolar carcinomas were reported in to editor) and
months of clean air. 30 animal s/group. treatment groups observed for an additional 8 months: Schreck et al.
DE generated by GM Oldsmobile 0.25mg/m°: 1 (1981) J Appl
5.7L enginesusing Type 2D fuel 0.75mg/m’: 3 Tox, 1:67-76.
(MMAD 0.2 um) 1.5mg/m®: 1
male, 0, 0.7, 2.2 and 6.6 mg/m° particulate Survival not reported Total number of rats with primary lung tumors: Brightwell et al.
female concentration DE for 16 h/d, 5 d/wk control: males 2/134 (1.5%) (1986) In:
Fischer 344 for 2 years, followed by 6 months of females 1/126 (0.8%) Carcinogenic and
clean air. DE generated by two 0.7 mg/ males 1/72 (1.4%) Mutagenic Effects
Renault R18 1.6-liter gasoline engines females 0/71 (0%) of Diesel Engine
and aVW Rabbit 1.5-liter diesdl 2.2mg/ males 3/72 (4.2%) Exhaust. Eds:
engine (MMAD 0.14 um). Interim females 11/72 (15.3%) Ishinishi, Koizumi,
sacrifices were carried out at 6, 12, 18, 6.6 mg/ males 16/71 (22.5%) McClellan, and
and 24 months. Number of females 39/72 (54.2%) Stober. pp.471-485

animals/sex in control group = 144;
number of animals/sex/treatment
group = 72.

and Brightwell et
al. (1989) J Appl
Tox, 9:23-31.

Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats (continued)

Sex/Strain  Exposure Survival Effect/Observations Reference
male, femae DE produced by 7 L Caterpillar Model  Not reported (authors stated ~ Number of animals necropsied/group: 120-121 males and Lewiset al.,
Fischer 344 3304 engine. Exposed for 7 hr/d, 5 that no significant 71-72 females. (1986; 1989)
d/wk for 24 months to: differences were seen Specific data not reported. Authors state: “ The incidence of
between groups). Al neoplasiadid not differ statistically (Fischer’s exact test) in
Group 1: clean air surviving animalskilled at the four exposures for the fifty tissues examined... No
Group 2: 2 mg/m° respirable coal dust 24 months. tumors or pre-malignant conditions of the upper airways
Group 3: 2 mg/m°® DE; (BaP content = (mares, larynx, trachea) were found in any rats’.
13.5 ng/m°)
Group 4: 1 mg/m® respirable coal dust
+ 1 mg/m® DE (BaP content = 10.2
ng/m?)
female Fischer ~ Exposed from 5 wksof agefor 4 hr/d, NR (Animalswere autopsied No lung tumors were found at the 6 month time point. Takemoto et al.
344/Jcl 4 d/wk for 24 months. DE generated at 6, 12, 18, and 24 months (1986) In:
by YANMAR NSA-40CE 269cc after the start of inhalation Lung tumor incidence: Carcinogenic and
engine (MMAD 0.32 um). EXPOSUre). Mutagenic Effects
BaP content 0.85 ng/m® 1-NP content 12-17 months: of Diesel Engine
93 ng/m”. group 1 - 0/7 Exhaust. Eds:
Group 2- 0/5 Ishinishi, Koizumi,
Groupl:  2-4mg/m’DE (MMAD McClellan, and
0.32 pm) 18-24 months: Stober. pp. 311-
Group 2: clean air control Group 1- 0/15 327.
Group 2 - 0/12
Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
SPF Wistar, Exposed 19 hr/d, 5 d/wk for 140 wks Group 1: 45% Group 1: 0/96 lung tumors Heinrich et al.
femae starting at 8-10 wks of age. DE generated Group 2: 42% Group 2: 0/92 lung tumors (1986) J Appl Tox,
by unspecified 1.6L automobile engine Group 3: 40% Group 3: 15/95 (16%) lung tumors Tumors included 6(6):383-395; Stober
using European reference fuel. Average DE Group 4: NR bronchio-alveolar adenomas, benign and malignant squamous cell (1986) and Mohr et
concentration 4 mg/m?® for unfiltered tumors. Decreased body weight was noted. al. (1986) In:
exhaust flow. Group 4: 21/116 (18.1%) Carcinogenic and
Mutagenic Effects of
Group 1 - control Tumor types were as noted for Group 3. Diesel Engine
Group 2 - filtered DE Exhaust. Eds:
Group 3 - unfiltered DE (BaP content = 13 Ishinishi, Koizumi,
ng/m®) McClellan and
(Group 1-3: N=96/group) Stober. pp. 421-439
Group 4 - coal oven flue gas mixed with and 459-470.
pyrolyzed pitch 4-7 mg/m?® (BaP content =
50-100 pg/m?) (N=48)
male, femae DE produced by light duty (1.8L 0 mg/m*: 192/246 Animals werekilled at 6 month intervals, but the authors did not Ishinishi et al (1986)
Fischer 344/Jcl unspecified engine) and heavy duty (11L (78%) report time specific incidence rates. Overall lung tumor incidence In: Carcinogenic and
(SPF) unspecified engine) diesel enginesusing JS rates reported were: Mutagenic Effects of
No. 1 or No. 2 fuel. Animalswereexposed ~ Light Duty: Diesel Engine
for 16 hr/d, 6 d/wk from 5 wks of age. Light Duty: Exhaust. Eds:
Exposed for 30 months. 0.1 mg/m® 109/123 0 mg/m?* 4/123 (3.3%) (1 adenoma, 3 carcinomas) Ishinishi, Koizumi,
(88.6%) 0.1 mg/m* 3/123 (2.4%) (1 adenoma, 2 carcinomas) McClellan and
Light duty (LD) engine exposure groups: 0, 0.4 mg/m®: 94/125 0.4 mg/m® 1/125 (0.8%) (1 adenoma) Stober. pp. 329-348.
0.1, 0.4, 1, and 2 mg/m® (BaP content = (75.2%) 1 mg/m* 5/123 (4%) (5 carcinomas)
4.4 ug/g diesel exhaust particulate matter ; 1 mg/m* 101/123 2 mg/m® 3/124 (2.4%) (1 adenoma, 2 carcinomas)
1-NP content = 57.1 pg/g) (82%)
2 mg/m* 94/124 Heavy Duty:
Heavy duty (HD) engine exposure groups: (75.8%) 0 mg/m* 1/123 (0.8%) (1 carcinoma)
0,0.4, 1, 2, and 4 mg/m® (BaP content = 0.4 mg/m* 1/123 (0.8%) (1 carcinoma)
2.8 ng/mg; 1-NP content = 15.3 ng/mg) Heavy Duty: 1 mg/m* 0/125
2 mg/m® 4/123 (3.3%)(4 carcinomas)
0.4 mg/m* 97/123 4 mg/m* 8/124 (6.5%)(8 carcinomas)
(78.9%) (p<0.05, significantly greater than control)
1 mg/m* 102/125
(81.6%)
2 mg/m* 101/123
(82%)
4 mg/m* 93/124
(75%)
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Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
female Fischer 344  Exposed for 8 hr/d, 7 d/wk for 24 months 2-year survival Lung Tumor Incidence: Ilwai et al. (1986) In:
(SPF) starting at 7 wks of age. Some animals Carcinogenic and

were followed for an additional 6 months.
DE generated by 2.4L truck engine. Fuel
used not specified.

Three exposure groups:
Group 1: control

Group 2: filtered DE
Group 3: 4.9 mg/m® DE

Group 1:  22/24 (91.7%)
Group 2:  16/24 (66.7%)
Group 3:  19/24 (70.2%)
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< 24 months:
Group 1: 0/2; Group 2; 0/8; Group 3: 0/5

24 months
Group 1:0/15; Group 2: 0/13; Group 3: 4/14 (28.6% ) (2 benign, 2
malignant)

> 24 - 30 months:

Group 1: 1/22 (benign); Group 2: 0/16; Group 3: 8/19 (5
malignant, 3 benign)

Total malignant tumor incidence significantly different in Group 3
relative to controls (p<0.05).

Malignant Lymphoma Incidence:

< 24 months:

Group 1: 0/2; Group 2: 5/8 (62.5%); and Group 3: 2/5 (40%).
24 months:

Group 1: 0/15; Group 2; 3/13 (23%); and Group 3: /14 (7%).
> 24 - 30 months:

Group 1: 2/22 (9%); Group 2: 4/16 (18.8%); and Group 3: 4/19
(21%).

Total malignant lymphoma incidence significantly different in
Group 2 and 3 (p<0.05) relative to control.

Incidence of Tumorsin Other Organs:

< 24 months:
Group 1: 0/2; Group 2: 2/8 (255) (2 benign); Group 3: 1/5 (20%)
(1 malignant).

24 months:
Group 1: 0/15; Group 2: 4/13 (30.8%) (4 benign); Group 3: 3/14
(21.4%) (3 benign).

< 24 - 30 months:
Group 1: 2/7 (28.6%) (2 benign); Group 2: 0/3; Group 3: 3/5
(60%) (2 benign, 1 malignant).

Mutagenic Effects of
Diesel Engine
Exhaust. Ed:
Ishinishi, Koizumi,
McCléllan, and
Stober. pp. 349-360



Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
male, femae DE was generated by 1980 model 0 mg/m® : approx. 70% Authors reported overall incidenceratesin all animals Mauderly et al.
Fischer 344/Crl  5.7L Oldsmobile V-8 engineusingD-  0.35mg/m*  NR examined histologically (i.e. includes animals serially (1987) Fund Appl
(SPF) 2 fuel. Animals were exposed to 0, 3.5 mg/m®>. NR sacrificed). Number of animals with tumors/number of Tox 9:208-221.
0.35, 3.5 or 7.0 mg/m* DE (MMAD 7.0mg/m®  approx. 61%  animals examined: (also preliminary
0.25 pm) for 7 hr/d, 5 d/wk for up to Low and medium group results reported in
30 months (surviving animals survival rates were 0 mg/m* al lung tumors - 2/230 (0.8%) (2 Mauderly et al.
terminated at 30 months). Exposures intermediate between 0 and adenocarcinoma) (1986) In:
started at 17 wks of age. 7.0 mg/m° rates. Carcinogenic and
0.35 mg/m®: al lung tumors - 3/223 (1.3%) (3 Mutagenic Effects
adenocarcinomas) of Diesel Engine
Exhaust. Eds:
3.5 mg/m* all lung tumors - 8/221 (3.6%) (5 adenomas, 1 Ishinishi, Koizumi,
adenocarcinoma, 2 sgquamous cell cysts) McClélan, and
Stober. pp. 397-
7.0 mg/m* all lung tumors - 29/227 (12.8%) (1 adenoma, 400.
11 adenocarcinoma, 2 squamous cell carcinomas, 11
squamous cysts). Four animal's had two tumors each; 2
animals had 1 adenocarcinoma and 1 squamous cyst each;
and 2 animals had 2 adenocarcinomas each.
The first tumor was found in a control animal near the 18
month sacrifice time point. Number of animals sacrificed at
each time point not specified by authors. See text for more
specific data from this study.
Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Table 6.1.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation in Rats (continued)

MAY 1998

Sex/Strain  Exposure Survival Effect/Observations Reference
female Wistar Exposure Groups: 24 month mortality rates: L ung tumors were not observed in the 7 mg/m® diesel Heinrich et al.
exhaust, carbon black and TiO, exposure groups at 6 and (1995). Inhaation
7 mg/m® DE controls: 42% 12 months of exposure (interim sacrifice of approximately Toxicology 7:533-
2.5 mg/m’DE 0.8 mg/m°DE: 45% 20 animals/group). 556.
0.8 mg/m® DE 2.5 mg/m® DE: 52%
carbon black (7.4 mg/m® for 4 months, 7 mg/ DE: 47% 30 month (24 months exposure, then 6 months clean air)
followed by 12.2 mg/m® for 20 carbon black: 56% total lung tumor incidence (with/without benign squamous
months) TiOy: 60%. cysts):
titanium dioxide (TiO,) (7.2 mg/m® for
4 months, followed by 14.8 mg/ for4 130 week mortdity controls: 1/217 (0.5%)
months and 9.4 mg/m® for 16 months)  rates(exposuretimefollowed 0.8 mg/m*DE ~ 0/198
by clean air): 2.5 mg/m® DE: 11/200 (5.5%) (P<0.01 compared to
Animals were 7 weeks old when clean air contral); 4/200 (2%)
exposure started. controls: 85% 7 mg/m® DE: 22/100 (22%); 9/100 (9%); (both
0.8 mg/m°DE: 86% p<0.001 compared to clean air control)
All exposures were 18 h/d, 5d/w for 2.5 mg/m® DE: 89% carbon black: 39/100 (39%); 28/100 (28%)
24 months, followed by clean air for6 7 mg/ DE: 82% TiOy: 32/100 (32%); 19/100 (19%)
months. Diesel exhaust was generated  carbon black: 92%
by two 1.6 L Volkswagen diesel TiOy: 90%
engines. One engine (the primary
exhaust source) was operated on the
U.S. 72 cycle; when necessary,
exhaust gas was supplemented by the
second engine, which was operated
under constant load conditions (2500
U/minute, 40 N). Particle MMAD:
0.25 (diesel exhaust), 0.64 (carbon
black) and 0.80 um (TiOy).
Note:  All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.
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Sex/Strain  Exposure Survival Effect/Observations Reference
male, femae Animals were exposed to DE or 23 month mortality rates: Total lung tumor incidence rates Nikula et al.
Fischer 344 carbon black 16 h/d, 5 d/wk for 23 (1995) Fund Appl

months. Target particle concentrations Males Males Tox 25:80-94.

of diesdl exhaust and carbon black

(CB) were 2.5 and 6.5 mg/m®. Diesel controls: 86% controls: 3/109 (2.8%)

exhaust was generated using two 1988 2.5 mg/m”® DE: 86% 2.5 mg/m® DE: 5/105 (4.8%)

Model LH6 General Motors 6.2-liter 6.5 mg/m® DE: 94% 6.5 mg/m® DE: 9/106 (8.5%)

V-8 engines operated on the Federal 2.5 mg/m® CB: 96% 2.5 mg/m® CB: 2/106 (1.9%)

Test Procedure urban certification 6.5 mg/m® CB: 99% 6.5 mg/m® CB: 4/106 (3.8%)

cycle. Particle size was bimodal for

both diesdl exhaust and carbon black;

the mass median aerodynamic Females Females

diameter (MMAD) of the large-size

mode was 2.0 pum and 1.95 pm for controls: 64% controls: 0/105 (0%)

diesel exhaust and carbon black, 2.5 mg/m® DE: 69% 2.5 mg/m® DE: 8/105 (7.6%)

respectively. The MMAD for the 6.5 mg/m® DE: 73% 6.5 mg/m® DE: 29/106 (27.4%)

small-size modewas 0.1 ym for both 2.5 mg/m® CB: 60% 2.5 mg/m® CB: 8/107 (7.5%)

diesel exhaust and carbon black. 6.5 mg/m® CB: 74% 6.5 mg/m® CB: 28/105 (26.7%)

Approximately 23% and 67% by mass
of the diesel exhaust and carbon black
particles, respectively, were in the
large-size mode.

Note: All diesel exhaust (DE) exposures are to unfiltered diesel exhaust unless otherwise specified. Concentrations refer to the level of particlesin the diesel

exhaust.

6-75



MAY 1998

Table6.2a Studiesof the Carcinogenicity of Diesel Exhaust by Inhalation with Co-administration of Known Carcinogensin

Hamsters.
Sex/Strain Exposure Survival Effect/Observations Reference
femae Animals were exposed 7-8 hr/d, 5 d/wk. DE generated  not reported (median Actual number of animals examined for lung tumorswasnot  Heinrich et al.,
Syrian by a2.4L Daimler-Benz engine using European lifetime, 50% of animals  specified. Authors reported the following tumor incidences  (1982) In:
reference diesel fued (MMAD 0.1 um). surviving was 72-74 (Note tumor incidence not reported for al groups): Toxicological
Exposure Groups: weeks for al trestment Effects of
Group 1: DEN 1.5 mg/kg subcutaneous (s.c.) groups) Group 1: 13.4 % (larynx/trachea papillomas) Emissions from
injection (N=72) Group 2: 1 animal developed alung tumor Diesdl Engines.
Group 2: DEN 1.5 mg/kg s.c. injection + 4 mg/m® Group 3: not reported Ed.: JLewtas,
unfiltered DE (N=48) Group 4: 44.7% (larynx/trachea papillomas) pp. 225-242.
Group 3: DEN 1.5 mg/kg s.c. injection + filtered DE Group 5: 70.2%
(N=57) Group 6: 66%
Group 4: DEN 4.5 mg/kg s.c. injection (N=48)
Group 5: DEN 4.5 mg/kg s.c. injection + 4 mg/m®
unfiltered DE (N=48)
Group 6: DEN 4.5 mg/kg s.c. injection + filtered DE
(N=60)
male, Exposed 19 hr/d, 5 d/wk for 120 wks starting at 8-10  Not reported. Group 1 - 10% respiratory tract tumors. Heinrich et al.
femae wks of age. DE generated by unspecified 1.6L Groups 2 & 3 - no significant change with DE. (1986) J Appl
Syrian automobile engine using European reference fuel. Group 4 - 2% respiratory tract tumors. Toxicol, 6(6),
Average concentration 4 mg/m* (MMAD 0.35 Groups 5 & 6 - no significant change with DE. 383-395.
pm) for unfiltered exhaust flow. Note - no unexposed control group. and Stober (1986)
Group 1 - Air + 4.5 mg/kg DEN s.c. In: Carcinogenic
Group 2 - filtered DE + 4.5 mg/kg DEN s.c. and Mutagenic
Group 3 - unfiltered DE + 4.5 mg/kg DEN s.c. Effects of Diesel
Group 4 - Air + 250 pg BaPi.t. L/wk, 20 wks Engine Exhaust.
Group 5 - filtered DE + 250 pug BaPi.t. 1/wk, 20 wks Eds: Ishinishi,
Group 6 - unfiltered DE + 250 Mg BaPi.t. Koizumi,
Lwk, 20 wks.(N=96 per group) McClellan and
Stober, pp. 421-
439.
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Table6.2.a Studies of the Carcinogenicity of Diesel Exhaust by Inhaation with Co-administration of Known Carcinogens in Hamsters

(continued).
Sex/Strain Exposure Survival Effect/Observations Reference
male, femae Exposure of 16 hr/d, 5 d/wk for 2 yrs. DE generated by Not reported. Authors Authors did not report time point specific incidence rates; only ~ Brightwell et al.,
golden VW Rabbit 1.5L engine using European standard fuel. stated that due to an overall respiratory tumor incidence was reported: (1989) J Appl
Exposure Groups: infection significant Toxicol, 9(1), 23
Group 1: Unfiltered DE mortality (45%) occurred ~ Group 1. 31.
0.7 mg/m® + 4.5 mg/kg DEN (s.c) between 10 and 12 Males - 3/50 (6%) nasal passage tumor; 7/51 (13.7%) tracheal

Group 2: Unfiltered DE
2.2 mg/m® + 4.5 mg/kg
DEN (s.c)
Group 3: Unfiltered DE
6.6 mg/m® + 4.5 mg/kg
DEN (s.c)
Group 4 filtered DE
(initial particle concentration of
2.2mg/md) +
4.5 mg/kg DEN (s.c.)
Group 5: filtered DE
(initial particle concentration of
6.6 mg/m®) +
4.5 mg/kg DEN (s.c.)
Group 6: 4.5 mg/kg DEN (s.c.)

months. Antibiotics were
used to treat the disease
in the survivors. Animals
werekilled at 6, 16, or 24
months.

tumors; 1/50 (2%) lung tumors.

Females - 2/50 (4%) nasal passage tumor; 8/50 (16%) tracheal
tumor; 1/51 (2%) lung tumor.

Group 2:

Males - 1/52 (2%) nasal passage tumor; 1/51 (2%) larynx
tumor; 12/52 (23%) tracheal tumor; 3/52 (5.8%) lung tumor.
Females - 4/49 (8%) nasal passage tumor; 1/48 (2%) larynx
tumor; 14/49 (28.6%) tracheal tumor; 3/50 (6%) lung tumor.
Group 3:

Males - 9/50 (18%) tracheal tumor; 1/51 (2%) lung tumors.
Females - 13/48 (27%) tracheal tumor; 3/50 (6%) lung tumors.
Group 4:

Males - 4/50 (8%) trachea tumor; 3/52 (5.8%) lung tumor.
Females - 1/50 (2%) nasal passage tumor; 1/51 (2%) larynx
tumor; 5/51 (9.8%) tracheal tumor; 1/52 (1.9%) lung tumor.
Group 5:

Males - 6/51 (11.8%) tracheal tumor; 5/52 (9.6%) lung tumor.
Females - 2/52 (3.8%) nasal passage tumor; 11/52 (21.1%)
tracheal tumor; 4/52 (7.7%) lung tumor.

Group 6:

Males - 1/102 (1%) larynx tumor; 14/101 (13.9%) tracheal
tumor; 4/101 (4%) lung tumor.

Female - 1/104 (1%) nasal passage tumor; 18/103 (17.5%)
tracheal tumor; 3/101 (3%) lung tumor.

NR - not reported

i.t. intratracheal instillation

BaP - benzo[a]pyrene

DBahA - dibenz[ah]anthracene
DIPN - di-isopropanol-nitrosamine

s.C. subcutaneous injection

i.p. intraperitoneal injection
BHT - butylated hydroxytoluene
DEN - diethylnitrosamine

DPN - dipentylnitrosamine
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Table6.2b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation with Co-administration of Known Carcinogensin

Mice.
Sex/Strain  Exposure Survival Effect/Observations Reference
male, Used Strain A pulmonary adenomaassay. Animals werekilled at Pepelko and Peirano,
femae Source of DE - 6 cylinder Nissan engine  end of study - 9 months. (1983)
Strong A run on Federal Short Cycle. Particles Survival a end of study: JAm Coall Toxical,

generaly < 0.1 um.

Study 1: Exposed 8 hr/d, 7 d/wk from 6
wks until 9 months of age to 6 mg/m° raw
DE or clean air. Half of each exposure
group was injected i.p. with asingle dose
of 1 mg urethane at start of exposure

(female only)

Study 2: exposed 8 hr/d, 7 d/wk from 6
wks to 9 months of age to 12 mg/m® raw
DE or clean air. Half of each group was
injected i.p. with 5 mg urethane at start of
exposure (male and female)

Study 1:
Air: 58/60

DE: 56/60

Air + urethane: 52/60
DE + urethane:

59/60

Study 2:

Air:

male 44/45
female 43/45

DE:
mae 37/45
femae 43/45

Air + urethane:
mae 38/45
femae 37/45

DE + urethane:

mae 39/45
femae 36/45
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2(4): 253-306.

Study 1:

Air: 4/58 mice with tumors, 0.09 tumors/mouse

DE: 14/56 mice with tumors (p<0.01),

0.32 tumors/mouse (p<0.01)

Air + urethane: 9/52 mice with tumors,

0.25 tumors/mouse

DE + urethane: 22/59 mice with tumors (p<0.02), 0.39
tumors/mouse (p<0.01)

Study 2:

Air:

males - 10/44 mice with tumors,0.23 tumors/mouse
females - 11/43 mice with tumors, 0.35 tumors/mouse

DE:

males - 5/37 mice with tumors, 0.19 tumors/mouse
females - 4/43 mice with tumors, 0.09 tumors/'mouse
(p<0.05)

Air + urethane:
males - 32/39 mice with tumors, 2.37 tumorsmouse
females - 34/36 mice with tumors, 3.24 tumors/mouse

DE + urethane:

males - 26/39 mice with tumors, 1.03 tumors/mouse
(p<0.001)

females - 16/36 mice with tumors (p<0.001),

0.86 tumors/mouse (p<0.0001)
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Table 6.2.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation with Co-administration of Known Carcinogensin Mice

(continued).
Sex/Strain  Exposure Survival Effect/Observations Reference
male, Parent generation was continuously exposed to air or Offspring were terminated Body weight of diesel exposed animals at > 40 wks of Pepelko &
female DE from weaning to sexual maturity, and then mated. at 15 months of age. exposure was depressed. Decreased survival in diesel Peirano, (1983) J
Sencar Exposure was maintained at 6 mg/m® from start of Survival at end of study: exposed groups. Am Coll Toxicol

exposures through mating, gestation, birth, and
weaning. Exposure was increased to 12 mg/m® when

offspring were 12 wks and continued until end of study.

Survivors were killed at that time. The offspring were
subdivided into groups. DE source was 6 cylinder
Nissan engine run on Federal Short Cycle. Particles
generaly < 0.01 um.

Group 1: Air or DE plusinjected i.p. with BHT once
per wk beginning at 7 wks of age for 1 year. Dosage:
300 mg/kg week 1, 83 mg/kg week 2, 150 mg/kg week
3 till termination.

Group 2: Air or DE plus singlei.p. injection of 1 mg
urethane at 6 weeks of age.

Group 1: (BHT)

Air:
male 82/130
femae 66/130
DE:
male 34/130
female 77/130

Group 2: (urethane)
Air:

male 109/130
female 114/130
DE:

male 89/130

female 107/130
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Group 1: BHT injected:

Air:

males - 8.5% lung tumors (8.5% adenomas) females -
18.1% lung tumors (16.7% adenomas, 1.5%
carcinomas)

DE:

males - 11.8% lung tumors (8.8% adenomas, 2.9%
carcinomas)

females - 6.5% lung tumors (p<0.03 compared to air-
exposed control) (3.9% adenomas (p<0.01 compared to
air exposed contral), (2.6% carcinomas)

Group 2: urethane injected:

Air:

males - 9.2% lung tumors (9.2% adenomas)
females - 8.7% lung tumors (7% adenomas, 1.8%
carcinomas)

DE:

male - 10.1% lung tumors (9% adenomas, 1.1%
carcinomas)

females - 12.1% lung tumors (8.4% adenomas, 3.7%
carcinomas)

2(4) 253-306
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Table 6.2.b Studies of the Carcinogenicity of Diesel Exhaust by Inhalation with Co-administration of Known Carcinogensin Mice

(continued).
Sex/ Exposure Survival Effect/Observations Reference
Strain
female Average DE concentration 4 mg/m?® for unfiltered Not reported No effects observed in the upper respiratory tract. Heinrich et al.
NMRI exhaust flow. Exposed 19 hr/d, 5 d/wk for 120 wks Group 1 - 71% lung tumor incidence (1986),
starting at 8-10 wks of age. DE generated by Group 2 - not reported JAppl Toxicol,
unspecified 1.6L automobile engine using European Group 3 - 41% lung tumor incidence 6(6),383-395.
reference fuel (MMAD 0.1 pm). Group 4,5,and 6 - effects not reported. and Stober
Groups 7,8 and 9 - no significant effects. (1986)
Group 1: Air + 50 pg BaPi.t.,1/wk,20 wks (N=64) [time of first tumor not reported] In: Carcinogenic
and Mutagenic
Group 2: filtered DE + 50 ug BaPi.t., 1/wk, 20 wks Effects of Diesel
Engine Exhaust.
Group 3: unfiltered DE + 50 pg BaP i.t., 1/wk, 20 wks Eds: Ishinishi,
Koizumi,
Group 4: Air + 100 pg BaP i.t. /wk, 10 wks McClellan &
Stober, pp 421-
Group 5: filtered DE + 100 pg BaPi.t. 1/wk, 10 wks 430.

Group 6: unfiltered DE + 100 pg BaPi.t. 1/wk, 10 wks
Group 7: Air + 50 pug DBahA i.t., 1/wk, 10 wks
Group 8: filtered DE + 50 pg DBahA i.t., 1/wk, 10 wks

Group 9: unfiltered DE + 50 ug DBahA i.t., 1/wk, 10
wks (N=64/group)

NR - not reported

i.t. intratracheal instillation

BaP - benzo[a]pyrene

DBahA - dibenz[ah]anthracene
DIPN - di-isopropanol-nitrosamine

s.c. subcutaneous injection

i.p. intraperitoneal injection
BHT - butylated hydroxytoluene
DEN - diethylnitrosamine

DPN - dipentylnitrosamine
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Table6.2.c Studies of the Carcinogenicity of Diesel Exhaust by Inhalation with Co-administration of Known Carcinogensin
Rats.
Sex/Strain  Exposure Survival Effect/Observations Reference
femae Exposed 19 hr/d, 5 d/wk for 140 wks Mortdlity in high Heinrich et al. (1986),

SPF Wistar

starting at 8-10 wks of age. DE generated dose DPN group was
by unspecified 1.6L automobile engine increased compared
using European reference fuel. Average DI to control and low
concentration 4 mg/m?® for unfiltered dose groups. Actua
exhaust flow. data not reported.

Group 1 - Air + 500 mg/kg DPN s.c.,
1/wk, 25 wks

Group 2 - filtered DE + 500 mg/kg DPN
s.C., Ywk, 25 wks

JAppl Toxicol,
6(6),383-395.
and Stober (1986)

In: Carcinogenic

Group 1: and Mutagenic

All lung tumors - 45/48 (93.8%) tumors (8 squamous cell carcinomas, Effects of Diesel

16.7%)); Engine Exhaust.

Upper respiratory tract - 23/48 (47.9%) benign, 4/48 (8.3%) malignant. Eds: Ishinishi,
Koizumi,
McClellan, and

Group 2: Stober, pp. 421-439

All lung tumors - 43/48 (89.6%) tumors (7 squamous cell carcinomas); and 459-470.

Group 3 - unfiltered DE + 500 mg/kg
DPN s.c., /wk, 25 wks

Group 4 - Air + 250 mg/kg DPN s.c.,
1/wk, 25 wks

Group 5 - filtered DE + 250 mg/kg DPN
s.C., Ywk, 25 wks

Group 6 - unfiltered DE + 250 mg/